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ABSTRACT
INTERACTIONS AND MORPHOLOGY OF TRIBLOCK COPOLYMER - IONIC
LIQUID MIXTURES AND APPLICATIONS FOR GEL POLYMER ELECTROLYTES

SEPTEMBER 2012

DANIEL F. MIRANDA
B.S. RENNSELAER POLYTECHNIC INSTITUTE
M.S. UNIVERSITY OF MASSACHUSETTS AMHERST
PH.D. UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas P. Russell and
Professor James J. Watkins

Room temperature ionic liquids (ILs) are a unique class of solvents which are
characterized by non-volatility, non-flammability, electrochemical stability and high
ionic conductivity. These properties are highly desirable for ion-conducting electrolytes,
and much work has focused on realizing their application in practical devices.

In

addition, hydrophilic and ionophilic polymers are generally miscible with ILs. The
miscibility of ILs with ion-coordinating polymers makes ILs effective plasticizers for gel
polymer electrolytes. Due to their unique properties, ILs present a means to realize the
next generation of energy storage technology.
In this dissertation, the fundamental interactions between poly(ethylene oxide)
(PEO) and a variety of room temperature ILs were investigated. ILs with acidic protons
were demonstrated to form a stronger interaction with PEO than ILs without such
protons, suggesting that hydrogen bonding plays a dominant role for PEO miscibility
v

with ILs. The hydrogen bonding interaction is selective for the PEO block of a PEO-bPPO-b-PEO block copolymer (BCP). Therefore, blending these copolymers with the
strongly interacting IL 1-butyl-3-methylimidazolium hexafluorophosphate ([BMI][PF6])
induced microphase separation into a well-ordered structure, whereas the neat copolymer
is phase mixed.
At sufficient quantities, the interaction between [BMI][PF6] and PEO suppresses
PEO crystallinity entirely. In addition, the induced microphase separation may prove
beneficial for ion conduction. Therefore, microphase separated copolymer/IL blends
were investigated as potential gel polymer electrolytes. Cross-linkable block copolymers
which microphase separate when blended with [BMI][PF6] were synthesized by
modifying PPO-b-PEO-b-PPO copolymers with methacrylate end-groups. Cross-linking
these copolymers while swollen with an IL generates ion gels with high ionic
conductivities.
The copolymer/IL blends vary from a well-ordered, strongly microphase
separated state to a poorly ordered and weakly microphase separated state, depending
upon the molecular weight. Stronger microphase separation results in higher mechanical
strength upon cross-linking. However, this does not greatly affect ion conductivity. Nor
is conductivity affected by forming gels from cross-linked PEO homopolymers when
compared to BCPs.
It was found that BCPs can be beneficial in producing gel electrolytes by allowing
sequestration of phase selective cross-linkers away from the conducting block. Crosslinker molecules that are selective for the PPO blocks can be used to increase the
mechanical strength of the gels with only a small effect on the conductivity. When cross-

vi

linkers that partition to the mixed PEO/IL block are used, the conductivity decreases by
nearly a factor of 2.
These studies show how ILs interact with PEO and how gel polymer electrolytes
can be constructed with the IL [BMI][PF6]. While BCPs cannot directly be used to
increase ion conductivity, they do allow for greater mechanical strength without
sacrificing conductivity. This suggests many new approaches that may be used to
simultaneously achieve high ionic conductivity and mechanical strength in solid and gel
polymer electrolytes.
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CHAPTER 1
INTRODUCTION

1.1 Overview
Ionic liquids (ILs) are salts of organic cations and anions with melting
temperatures below 100 °C.

ILs have properties typically associated with molten

inorganic salts (i.e. sodium chloride), such as negligible volatility, non-flammability,
electrochemical stability, and high ionic conductivity.1 However, inorganic salts become
molten only at extremely high temperatures (ex. NaCl at 801 °C) whereas ILs have
melting points below 100°C or even below room temperature (room temperature ILs).
Therefore, ILs present a means to access the unique properties associated with molten
salts at mild or even ambient conditions.
These unique properties of ILs are highly desirable for electrolytes used in dyesensitized solar cells,2-5

fuel cells,6-8

or lithium ion batteries.9-12

Conventional

electrolyte solutions contain organic solvents, which are both flammable and volatile,
posing a safety hazard. Replacing these solvents with non-volatile, non-flammable ILs
could lead to the development of devices which are safer and have greater lifetimes while
maintaining high ionic conductivity. In addition, ILs may prove advantageous for the
fabrication of gel polymer electrolytes. The use of a gel polymer electrolyte in a device
will remove the need for extensive measures to prevent electrolyte leakage and will also
allow devices to be constructed as films. Gel polymer electrolytes require plasticizers to
achieve high conductivity and ILs suppress crystallization of ion-coordinating polymers
such as polyethylene oxide (PEO).
1

The first objective of this work is to examine how ILs interact with PEO
homopolymers and with PEO blocks of an amphiphilic BCP. IL selectivity for the
hydrophilic block and self-assembly of these mixtures will be studied. Lastly, it will be
determined how this self-assembly and the interactions between ILs and PEO can be
leveraged to fabricate a superior gel polymer electrolyte, simultaneously having high
conductivity and high mechanical strength.
This introductory chapter introduces ionic liquids and their unique properties and
behavior. Next, the fundamentals of block copolymer phase behavior will be discussed.
Lastly, lithium batteries will be reviewed as well as how the development of solid and gel
polymer electrolytes will enable superior battery performance.
The second chapter will focus on the interactions between various room
temperature ILs and PEO. Hydrophilic and ionophilic polymers are generally miscible
with ILs, although the solution-type behavior varies strongly depending upon the choice
of polymer and upon the IL.

Therefore, it should be instructive to determine how

strongly ILs with widely varying cations and anions interact with PEO and the basis of
those interactions. These findings will be correlated with solvatochromic parameters to
determine how they may be used to predict polymer/IL interactions.
The third chapter describes the interactions between a PEO-b-PPO-b-PEO
triblock copolymer with the IL 1-butyl-3-methylimidazolium hexafluorophosphate
([BMI][PF6]), chosen for its capacity to form a strong interaction with PEO.

The

selectivity of the IL for the PEO block will be detailed, as well as the microphase
behavior of the copolymer/IL mixtures.

2

The fourth chapter explores the fabrication of gel polymer electrolytes by crosslinking a PPO-b-PEO-b-PPO triblock copolymer having methacrylate end-groups while
swollen in [BMI][PF6]. The morphology of these cross-linked gels is described, and will
be correlated with the mechanical properties and ionic conductivity. This chapter will
also explore the addition of microphase selective cross-linkers, and their effects on the
mechanical properties and conductivity of the gels.
Lastly, the fifth chapter summarizes the findings and impact of these studies.
Further avenues of research will also be discussed, ranging from more fundamental
studies on PEO/IL interactions and BCP/IL phase behavior, as well as applied studies on
additional studies on developing BCP/IL electrolytes.

1.2 Introduction to Ionic Liquids
The first synthesis of an ionic liquid was reported by Paul Walden13 in 1914, by
the neutralization of ethylamine with concentrated nitric acid to yield ethylammonium
nitrate ([EtNH3][NO3]). ILs with dialkylimidazolium cations, one of the most commonly
used cations in recent publications, were first synthesized in the 1980’s by Hussey and
coworkers.14 Mixtures of 1-ethyl-3-methylimidazolium chloride with chloroaluminate
(AlCl3) yielded ILs that were molten at and below room temperature. However, these
early imidazolium ionic liquids were extremely sensitive to moisture, as any trace of
water reacts with chloroaluminate.
In 1992, the first air and water stable imidazolium ILs were synthesized using
nitrate ([NO3]), tetrafluoroborate ([BF4]), and acetate ([CH3COO]) anions.15 Synthesis of
moisture stable ionic liquids is now commonplace, many with fluorinated anions such as
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hexafluorophosphate ([PF6]) and bis(trifluoromethylsulfonyl)imide [N(CF3SO2)2- or
TFSI], which considerably reduces the water solubility of these ILs. However, it must be
noted that even these fluorinated ILs will absorb moisture. For example, the apparently
hydrophobic IL 1-butyl-3-methylimidazolium- hexafluorophosphate ([BMI][PF6]) can
still absorb 1 - 2 wt% of water from the atmosphere.16 Figure 1.1 shows examples of
common cations and anions that can be paired to form ILs.

Common cations

1-alkyl-3methylimdazolium

N-alkyl-Nmethylpyrrolidinium

N-alkylpyridinium

Tetraalkylammonium

Common anions

hexafluorophosphate

ethyl sulfate
bis(trifluoromethylsulfonyl)imide

Cl-

BrI-

tetrafluoroborate

Various halogens

Figure 1.1 - Commonly used cations and anions that comprise ionic liquids.

Among the most defining characteristics of ILs are their extremely low melting
temperatures compared to conventional salts. The highest melting salts are pairings of
elemental ions (ex. Na+ or K+, with Cl- or I-). The small size of elemental ions allows
them to be easily packed into a crystal lattice. The small size leads to a dense charge
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localization, resulting in a very strong electrostatic interaction. This is in sharp contrast
to ion pairs which form ILs. These ions are typically large, have flexible organic groups,
and the charge is highly delocalized. The large size, conformational flexibility and
charge delocalization of these ions results in small lattice enthalpy changes for
crystallization but large entropy changes for melting. Thus the liquid state is preferred.17

1.2.1 Effect of chemistry on IL properties
The properties of an IL vary widely depending upon the constituent ions. For
example, ILs can be water miscible and extremely hygroscopic, as is the case with ILs
with halogen anions. However, ILs with fluorinated anions are immiscible with water
and only slightly hygroscopic. Viscosity,18-20 surface tension,20 ionic conductivity,18,19
and melting temperature18-20 all vary considerably as well.
Watanabe and coworkers have carried out an empirical study on what effect
altering the cation, anion, and alkyl chain organic substitution has on the various
properties. They found that aliphatic cations such as pyrrolidinium and ammonium have
a greater tendency to disassociate than aromatic cations such as imidazolium and
pyridinium. This does not correlate with viscosity, nor with ionic conductivity which
follows the reverse trend.21

When varying the anion, it is more difficult to make

generalizations. Viscosity increases by [PF6] > [BF4] > [TfO] > [CF3CO2] > [TFSI], and
conductivity follows the reverse trend as is expected. These trends do not appear to be at
all correlated with the capacity for disassociation, which varies by [PF6] > [BF4] >
[TFSI] > [TfO] > [CF3CO2].22
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The alkyl chain length was varied while maintaining an alkylmethylimidazolium
cation ([RMI]), where ‘R’ is methyl, ethyl, butyl, hexyl, or octyl, abbreviated [MMI],
[EMI], [BMI], [HMI], and [OMI] respectively. The anion in all cases was [TFSI]. The
capacity for ion disassociation remains nearly constant from [MMI] to [EMI], then
decreases continuously upon increasing the chain length up to [OMI]. Ionic conductivity
follows the same trend, and viscosity first increases, then decreases. These findings
suggest a balance between van der Waals and electrostatic forces. Electrostatic forces
dominate at low chain length, then give way to van der Waals interactions as the chain
length increases.23
Due to the broad range of properties that are accessible by varying their
components, ILs have found use in a large number of applications, including neoteric
solvents,

24,25

lubricants and heat-transfer fluids,23,24 catalysis,26 and as electrolytes.18

ILs have been termed “designer solvents,” as the properties of an IL vary considerably
between different cation and anion pairs.20 With over one million combinations possible,
it is conceivable that an IL can be engineered for a specific reaction or application.27

1.2.2 IL Solvent Characteristics
Investigations of IL solvatochromic parameters suggest that the behavior of an IL
as a solvent also depends strongly upon the choice of cation and anion.19,28-32
Solvatochromic parameters are empirical measures of solvent characteristics, such as
polarizability and Lewis acidity and basicity. These are measured by tracking the UVVis absorption of solvatochromic compounds whose absorption varies with the solvent

6

character, then fitting these shifts to established empirical relations from which the
solvatochromic parameters are derived.33,34
The Reichardt scale is one such measure,33 and is commonly applied to ILs.28-31
The Reichardt scale uses one parameter, ET(30), which is more commonly expressed as
the normalized form ETN, the normalization carried out by assigning water a value of ETN
= 1.00 and trimethylsilane = 0.0. ETN primarily describes Lewis acidity of a solvent,
although there are other contributions.32 However, it does not at all describe Lewis
basicity. For this, it has been proposed to track the absorbance of copper[acetylacetonateN,N,N,N-tetramethylethylenediamine]. The absorption of this dye correlates well with the
donor numbers of organic solvents35 and has been applied to ILs.19
The Kamlet-Taft parameters are also commonly used to describe the solvent
characteristics of ILs.29-32 There are three Kamlet-Taft parameters.34 The first is *, an
index of solvent dipolarity/polarizability, determined from the dye N,N-diethyl-4nitroaniline. The second is , a measure of hydrogen bond donor acidity, the ability of a
solvent to donate a proton to a hydrogen bond. The parameter is determined from *
and ETN. The third is , the hydrogen bond basicity which is the ability of a solvent to
accept a proton from a hydrogen bond, determined by measuring the relative difference in
solvatochromism of N,N-4-nitroaniline and 4-nitroaniline. The Kamlet-Taft parameters
for several common ILs as well as conventional solvents are summarized in Table 1.2.1.
The Kamlet-Taft parameters indicate that ILs are highly polar, with * on the
scale of water and DMSO. The polarity does not appear to vary considerably between
ILs.

However, the hydrogen bond accepting capacity () does vary between ILs,

primarily depending upon the choice of anion. ILs with the [PF6] or [TFSI] anions have
7

lower values of than with the [BF4] anion. The interaction energy for the formation of
an ion pair is also larger for [BMI][BF4] compared to [BMI][PF6] and [BMI][TFSI].19
This indicates that a greater capacity for the anion of an IL to accept a hydrogen bonding
proton makes the IL less likely to disassociate, and hence less likely to be miscible with a
given solute.

Table 1.1 – Kamlet-Taft Parameters for common ILs and selected conventional solvents.
*





29

1.032

0.634

0.207

29

1.047

0.627

0.376

0.984

0.617

0.243

0.954

0.427

0.252

1.010

0.381

0.239

1.090

1.070

0.180

1.000

0.000

0.760

0.410

0.680

1.010

0.270

0.000

0.470

0.550

0.000

0.370

Solvent
[BMI][PF6]

[BMI][BF4]

29

[BMI][TFSI]

[BMP][TFSI]

29

[BMMI][TFSI]
water

29

34

DMSO

34

t-butanol

34

diethyl ether
34

dioxane

34

The hydrogen bond donating capacity () also varies greatly, depending upon
choice of cation. ILs with 1-butyl-3-methylimidazolium ([BMI]) cations appear to have
values for  on the order of larger alcohols such as butanol. However,  is much lower
for an IL with a butylmethylpyrrolidinium ([BMP]) cation. Replacing the proton on the
carbon atom at the ‘2’ position (C2) of the [BMI] cation imidazolium ring with a methyl
group, i.e. using the 1-butyl-2,3-methylimidazolium ([BMMI]) cation, significantly
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decreases the hydrogen bond acidity of an IL. Examination of the charge densities on the
[BMI] cation reveals that the C4 and C5 carbon atoms of the imidazolium ring are
approximately neutral, whereas C2 is positively charged due to a C=N double bond,
causing a loss of electron density.36 Therefore, the C2-H bond is considerably more
acidic than C4-H or C5-H, and dominates the  term.
The solvatochromic studies suggest the possibility for hydrogen bonding in
imidazolium ILs, which is supported by several other techniques. Molecular dynamics
simulations37 and derivation of the gas phase structure by density functional theory38
show that the intermolecular bond distance between the anion and the C2-H proton on the
cation is well short of the bond distance for der Waals forces, suggesting the formation of
a hydrogen bond. Fourier Transform Infrared (FTIR)38,39 measurements and Nuclear
Magnetic Resonance (NMR) measurements40,41 also indicate the formation of hydrogen
bond networks in ILs, involving all three imidazolium ring protons.
In summary, ILs are a unique class of solvents with a broad range of properties
and applications.

In addition, imidazolium based ILs have some capacity to form

hydrogen bonds, which results in very interesting solution behavior with polymers, as
will be discussed in chapter 2.

1.3 Block Copolymers
Block copolymers (BCPs) are macromolecules consisting of two or more
chemically distinct polymer chains linked by covalent bonds. These materials have
attracted considerable attention due to their capacity to self-assemble into periodic,
ordered nanoscopic structures. Many different BCP architectures are possible,42 linear
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AB diblocks being the simplest and most commonly studied. Linear AB diblocks consist
of a polymer chain of monomer type A, which is the first “block,” covalently bonded at
one end to a polymer chain of monomer type B, the second block. Binding an additional
chain of A produces another common BCP architecture, an ABA triblock. Here the focus
will remain upon these two simple architectures, excluding more complex architectures
such as ABC triblocks, multiblock copolymers (AB)n, or star BCPs.

1.3.1 Predicting phase diagrams
The most interesting aspect of BCPs is their rich phase behavior. When the
thermodynamic incompatibility between blocks is small, the blocks are miscible and only
a disordered phase is obtained. However, when the incompatibility is sufficiently large
the blocks will separate to minimize the unfavorable contacts between each other. Blends
of two dissimilar homopolymers which are incompatible will phase separate on a
macroscopic scale when blended, similar to oil and water. However, in a BCP the
covalent linkage between blocks only allows for separation on a nanometer-scale. This
has historically been termed “microphase separation.” Microphase separated BCPs can
adopt a variety of periodic nanostructures, depending upon the BCP architecture and
relative volume fraction of the blocks.
A generalized phase diagram for a simple system with two components A and B
is illustrated below in Figure 1.2. In this simple case, there are two regions of the phase
diagram: one in which the components are mixed and form a single phase, and the other
in which they are phase separated. The boundary between these two cases is curved, and
depends upon temperature (T) and the relative volume fractions of the components
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(represented by the volume fraction of component A, fA). At low temperatures, the
incompatibility between the components is large and results in phase separation. As
temperature is increased, the incompatibility is lessened until the components form a
single mixed phase.
The maximum temperature for two-phase stability is termed the Upper Critical
Solution Temperature (UCST), and occurs when the concentration of the two components
is equal, i.e. fA = fB = 0.5. Mixtures with a Lower Critical Solution Temperature (LCST)
also exist. One example of LCST type behavior occurs for mixtures having specific
interactions such as hydrogen bonding, and for these mixtures increases in temperature
cause demixing by breaking such interactions. However, UCST type behavior is far more
common.

One phase (mixed)
Critical
Point

T
Two phase
(de-mixed)

fA
Figure 1.2 – Simplified phase diagram for a two-component system, in which ‘T’
represents temperature and ‘fA’ the volume fraction of component A.
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In the simplest case, BCPs also adhere to this picture; the blocks are microphase
separated at low temperature when the incompatibility is large, and sufficient heating
causes a transition from ordered microphases to phase mixed.

This transition is

commonly referred to as an Order-Disorder Transition (ODT). For several decades, the
phase behavior of BCP melts was modeled by various means. Early work was carried out
by Helfand and coworkers, who generalized self-consistent field theory (SCFT) to
BCPs.43-45 These calculations were later simplified by going to the extremes of the BCP
phase behavior; very near to the ODT, in what is termed the weak segregation limit
(WSL), and very far from this boundary, in the strong segregation limit (SSL).
Leibler used SCFT to model a linear AB diblock copolymer in the WSL.46 The
calculations revealed that the product N, the Flory-Huggins47 interaction parameter ,
and the degree of polymerization N, control the degree of segregation between the A and
B blocks. In the context of an AB diblock copolymer, the  parameter describes the free
energy cost of contacts between A and B monomers. The degree of polymerization N is
significant as the entropy of mixing for two molecules is inversely related to molecular
weight.

Thus, large  and large N favor microphase separation.

The mean-field

prediction48 places the critical point at fA = fB = 0.5 and N = 10.495.
Semenov modeled a linear AB diblock in the SSL. In the SSL, it can be assumed
that boundaries between BCP ordered microphases are entirely vertical, i.e. depending
only upon the volume fraction, fA. By doing so, Semenov was able to predict the location
of the phase boundaries between the classical lamellar, cylindrical, and spherical
morphologies, in the SSL.49
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Matsen and collaborators worked to bridge the gap between the SSL and WSL
regimes48,50. They have predicted the phase behavior for a linear diblock copolymer from
the disordered regime through the WSL (N ≈ 10.5) and up to N = 120, approaching the
SSL (the SSL assumptions being only truly valid when N → ∞). The calculated phase
diagram and illustrations of the equilibrium morphologies are shown in Figure 1.3. The
phase diagram is symmetric about fA = 0.5 as it is assumed that A and B monomers have
the same statistical lengths, whereas real diagrams are tend to be asymmetric. Accounting
for the actual statistical monomer lengths yields good agreement between theory and
experiment.51,52

S’

S

C

L

C’

G
CPS

CPS

Figure 1.3 – Phase map and illustrations of stable AB diblock copolymer morphologies.
Adapted with permission from Macromolecules 1996, 29, 1091.48 Copyright 1996
American Chemical Society.
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The equilibrium morphology for a microphase separated BCP is largely
dependent upon the relative volume fraction of the blocks. For near equal fractions, an
alternating AB lamellar arrangement is predicted. When the fraction of one block, for
example block A, is significantly smaller than that of block B the chains of block A are
confined to cylindrical microdomains (‘C’ in Figure 1.3), arranged on a hexagonal lattice
in a matrix of the majority block B. Such an arrangement is preferred as it places the
longer majority block chains on the convex side of the AB interface, providing more
possible configurations and hence maximizing entropy.42
As the volume fraction of block A is reduced further, a spherical body-centered
cubic morphology is adopted (‘S’), followed by a face-centered cubic morphology
(‘CPS’). A bicontinuous gyroid phase (‘G’) is also predicted at compositions between
cylindrical and lamellar, which becomes unstable at large products of N. When the
volume fraction of A is larger than B, these morphologies are reversed with block B
forming the isolated microdomains in a matrix of A.
The period for each morphology is determined by a balance between the
incompatibility between the blocks, which favors full chain extension to minimize A-B
contacts, and chain elasticity which favors chain contraction to maximize the number of
configurations.42 In the SSL, this balance requires that the period d scales with the
degree of polymerization by d ~ N2/3.53 This is in agreement with earlier experimental
observations.54
The phase diagram for an ABA triblock has also been calculated by SCFT55, and
is displayed in Figure 1.4 below. It is assumed the triblock composition is symmetric,
meaning the length of the two A blocks is equivalent. Also, it is again assumed as it was
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for the AB diblock phase diagram that the statistical monomer lengths are the same.
However, the phase diagram is not symmetric about fA = 0.5 as is the case for an AB
diblock. This difference arises due to the increased difficulty of packing two A blocks
into a single isolated microdomain, requiring the B matrix to deform more.56 This is not
entroprically favorable, and therefore the lamellar region is enlarged on the fA < 0.5 side
of the phase diagram and the cylindrical and spherical regions are truncated. It has also
been suggested that the lower translational entropy of the B midblock is smaller when
confined between the A endblocks, making the B midblock softer.57 This in turn causes
the AB interface to curve towards the B microdomain, shifting the phase boundaries
toward the fA = 1.0 axis. This shift has been confirmed experimentally.58

N

fA
Figure 1.4 – Phase map and illustrations of stable ABA triblock copolymer
morphologies. Adapted with permission from The Journal of Chemical Physics 1999,
111, 7139.55 Copyright 1999 American Institute of Physics.
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Another significant difference between the AB and ABA architectures is that the
critical point is shifted for ABA triblocks. SCFT by Mayes and Olvera de la Cruz 56 place
the ABA critical point at fA = 0.55 and N = 17.9. This difference has been attributed to
fluctuation corrections which become significant near the critical point.59

1.3.2 Additive Effects on Phase Behavior
The addition of additives to BCPs has generated great interest due to their
capacity to dramatically alter the phase behavior of BCPs. Here, the focus will be on
three large categories of additives: solvents, salts, and homopolymers.
The effect of solvents on self-assembly has been studied over a wide range of
concentrations and solvent character. Solvent additives for AB diblock and ABA triblock
copolymers can be broadly classified into two categories: neutral and selective. Neutral
solvents are those which are of approximately equal solvent quality for both blocks.
Selective solvents are those for which the solvent quality is substantially greater for one
block.
Many works have treated the subject of concentrated and dilute solutions of BCPs
in neutral solvents. An early approach carried out by Helfand for AB diblocks with such
a neutral solvent assumes that the solvent serves only to screen unfavorable interactions
between A and B blocks.43 This is modeled as a ‘dilution’ of A-B interactions, where the
interaction parameter is directly proportional to concentration by eff = AB, where  is
the BCP volume fraction. The term eff represents an “effective interaction parameter”
between A and B which takes into account the influence of the solvent or any other
additive.

Thus, the microphase separated state becomes less stable, reflected by a
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decrease in the temperature at which the ODT is observed. Modeling by SCFT also
supports this, predicting a transition from ordered lamellar microphases to disordered
with increasing concentration of a neutral but good solvent for both blocks.60
Later work has shown that the solvent is not uniformly distributed between the
two microphases, as excess solvent partitions to the interface to screen the unfavorable AB interactions.61,62 It has been confirmed that the ODT temperature is reduced by the
addition of a neutral solvent as predicted,63,64 although eff oftentimes does not scale
according to Helfand’s dilution approximation .64,65
Several other works have explored the behavior of these mixtures66-68, in some
cases allowing for the stabilization of the gyroid morphology, normally difficult to
access.65 The screening effect has also been put to use in order to study BCPs systems
with very large  in the WSL and disordered regime, which would otherwise require
heating beyond thermal degradation69.
Far different behavior is expected for BCP mixtures with selective solvents. For a
perfectly neutral solvent, the relative volume fractions of the blocks remain equal, as the
blocks are swollen uniformly. However, even a slight selectivity leads to preferential
swelling.62 As a result, a symmetric diblock copolymer blended with a selective solvent
is predicted (by SCFT) to pass through several order-order transitions (OOTs) before
becoming disordered, moving horizontally across the phase map illustrated in Figure 1.3
due to the preferential swelling.60 In a neutral solvent, a symmetric diblock will pass
directly from the lamellar region into the disordered region.60
The phase behavior of BCPs in selective solvents has been explored in many
works. Ordered micellar70-72 and simple cubic73 arrangements are observed for low

17

polymer concentrations, and induce OOTs across the phase map when varied from high
to low concentrations.65,74,75.
Inorganic and metal salts are another class of additives which can alter the phase
behavior of BCPs. Early work focused upon blends of lithium based salts and BCPs
having a non-polar block and an ion-coordinating block, expecting the salt to partition
selectively to this ionophilic block.76,77 The aim of these works was to develop a gel
polymer electrolyte by doping with the salt, and the phase behavior was not investigated.
Later work, however, did examine the phase behavior.

The selectivity of the salt

enhances segregation strength in an otherwise weakly microphase separated BCP.78 For
neat BCPs which are already strongly microphase separated, the addition of a salt further
increases the ODT temperature and dramatically alters the phase diagram.79-81 Similar
effects are observed in BCP thin films.82-84
Homopolymers are another large general class of additives. A homopolymer
additive typically matches one of the blocks of the BCP. For example, poly(styrene) (PS)
homopolymer added to a poly(styrene) – block – poly(isoprene) (PS-b-PI) diblock
copolymer. In these cases, the homopolymer preferentially partitions to the matching
block type, similarly to a selective solvent and also tracking a generally horizontal path
across the phase diagram.85,86

The macromolecular nature of these homopolymers

however results in an important distinction, as high MW homopolymers tend to be
localized at the center of the domain they partition to.87-89 Homopolymers with molecular
weight greater than the block they are selective for have also been observed to phase
separate on a macroscopic scale.90 Hydrogen bonding homopolymers are an exception;
in the case of PEO-b-PPO-b-PEO blended with poly(acrylic acid) (PAA) homopolymers
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which hydrogen bond with PEO, PAA homopolymers having molecular weights many
times the PEO block are incorporated entirely into the PEO microphase.91

1.3.3 BCP Applications and Outlook for Broad Implementation
Many reviews have detailed the potential applications of BCP self-assembly.92-94
The use of microphase separated BCPs to template functional materials on a nano-scale is
especially promising.95-99 However, despite their vast potential and unique capabilities,
microphase separated BCPs are used only sparingly for large-scale industrial
applications. Perhaps one barrier to the extension of BCPs beyond academia are the
complicated syntheses required for their production. Most BCPs are produced by anionic
or controlled radical polymerization, which require air-free conditions and are therefore
difficult to scale-up for industrial production.

However, there are non-ionic BCP

surfactants which are capable of self-assembly and are produced at an industrial scale. In
particular, solvent or additive induced self-assembly of Pluronic® surfactants present an
economic means to achieve ordered BCP nanostructures.91,100

1.4 Lithium Batteries and Polymer Electrolytes
The term “battery” refers to an array of electrochemical cells which undergo
chemical reactions to produce current. Over the past century, the demand for portable
power generation has grown dramatically with the advent of mobile electronic devices
and the resurgence in electric vehicles. Greater battery performance is required to meet
the greater power requirements of increasingly complex and demanding devices. In
1991, Sony commercialized the lithium ion battery which vastly outperformed previous
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generations of rechargeable batteries, powering a new generation of mobile computers
and phones. Modern batteries maintain nearly the same chemistry and architecture, with
some improvements. However, the conventional liquid-based electrolytes currently used
in these batteries limit the power density that lithium batteries can achieve. The
development of a highly conductive solid or gel electrolyte may remove these limitations.
The unique properties of polymeric materials present one route for the development of
such materials.

1.4.1 Battery Fundamentals and Lithium Batteries
A battery produces current through reduction-oxidation reactions of its active
components. During this reaction, electrons and ions are transferred from one reactive
material to the other. This flow of electrons generates the current which powers an
electrical load. In the case of a rechargeable battery, supplying current from an external
source reverses these reactions. A simple battery during discharge and charging is shown
in Figure 1.5.
The simplest battery consists of three main components: a negative electrode, a
positive electrode, and the electrolyte. The negative electrode undergoes the oxidation
half of the reaction during discharge, being stripped of ions and electrons to complete the
reaction at the positive electrode. The negative electrode must be a good reducing agent
in order to provide a significant voltage, and therefore highly electropositive materials are
required. An example of a negative electrode is zinc metal in a Zn/Cl2 cell. The oxidation
(anodic) half reaction for discharge is:

Zn → Zn2+ + 2e-.101 When the battery is

recharged, this reaction is reversed.
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Electron Flow

Electron Flow

(b)

Power
Supply

Flow of anions

Flow of cations

Flow of cations

Anode

Cathode

Cathode

Load

Anode

(a)

Flow of anions

Electrolyte

Electrolyte

Figure 1.5 – Illustration of a simple battery during (a) discharge and (b) charging. After
“Handbook of Batteries,” Linden, D., Editor, 1995 McGraw-Hill.101

The negative electrode is commonly referred to as the anode, although this is not
entirely accurate; the anode in a electrochemical cell is the electrode from which charge
is being removed. For example, the negative electrode is the anode during discharge
(Figure 1.5a) but is the cathode during charging (Figure 1.5b). Similarly, the positive
electrode is commonly referred to as the cathode, which is again not entirely correct –
note the reversal for the positive electrode in Figure 1.5.
The positive electrode undergoes the reduction half of the reaction, combining
with the electrons and ions stripped from the cathode. The positive electrode must be a
good oxidation agent, and therefore electronegative materials are required. The reduction
(cathodic) half reaction for discharge is: Cl2 + 2e- → 2Cl-.101 The reaction is reversed for
charging. The overall reaction for discharge is therefore Zn + Cl2 → ZnCl2. The energy
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the full reaction provides is typically expressed in a gravimetric energy density (Watthours / kilogram) or volumetric energy density (Watt-hours / liter).
The electrolyte must provide for good transfer of ions between the positive and
negative electrodes, and should therefore be ionically conductive. However, it must also
be electrically insulating to prevent short-circuiting. Electrolytes are typically liquid, such
as water or solvents with dissolved salts to provide ionic conductivity.
Lastly, in any practical cell design a porous separator will also be included. The
separator ensures the positive and negative electrodes do not come into contact to cause
an internal short circuit, but is still permeable to the electrolyte to allow ion conduction.
Improvement in battery performance has generally come about by development of
new electrode materials.

For two decades, batteries with lithium-based negative

electrodes have provided the greatest performance. Lithium is an ideal anodic material, as
it is simultaneously the lightest (density = 0.54 g/cm3) and most electropositive metal
(-3.01 V).101 As such, batteries constructed with lithium as the negative electrode have
far greater energy density than previous generations of rechargeable batteries.102
However, a complication arises during the charging of batteries having lithium
metal as the negative electrode. In early studies of electrochemical cells with lithium
metal electrodes, it was found that when the lithium ions plate back onto a lithium
electrode, they do so unevenly.103

There is evidence that electrical current

inhomogeneities caused by the formation of the passivation layer (electrolyte material
that has undergone reduction at the lithium electrode surface) cause this uneven
deposition.104,105 With repeated charging cycles, these uneven deposits continue to grow,
forming dendritic structures of crystalline lithium.

22

Elemental lithium is extremely

reactive, and due to the high surface area of these dendritic structures, a spontaneous
reaction becomes likely which will generate sufficient heat to ignite the organic solvent
of the electrolyte and cause a fire. Even if such a reaction were somehow prevented, the
growing dendrites will eventually pierce the separator and bridge the two electrodes,
short-circuiting the cell.
Lithium dendritic growth obviously poses a severe safety hazard that prevents the
usage of lithium metal electrodes. Several methods been demonstrated to slow the growth
of these dendrites,106-108 but lithium dendrites large enough to pose a safety hazard still
form eventually. However, the issue of dendritic growth can be circumvented entirely by
using a lithium source in its ionic state rather than elemental state. An efficient means of
intercalation and de-intercalation of lithium ions into a carbonaceous host was developed
in the late 1980’s and early 1990’s.109 A rechargeable lithium ion battery using this
method was commercialized by Sony in 1991. A schematic of a rechargeable lithium ion
battery is shown below in Figure 1.6.

Figure 1.6 – Illustration of a rechargeable lithium ion battery. Reproduced with
permission from Tarascon 2001.102 Copyright 2001 Nature Publishing Group.
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The lithium ion battery developed by Sony uses a graphite negative electrode into
which lithium ions have been embedded. This is paired with a layered oxide as the
positive electrode. The positive electrode typically has the form of Li1-xMO2, where ‘M’
is a transition metal, commonly cobalt, nickel, or manganese.

The electrolyte is a

mixture of ethylene carbonate, dimethyl carbonate, and a lithium salt, lithium
hexafluorophosphate (LiPF6).110

During discharge, the lithium ions in the graphite

electrode are de-intercalated and inserted into the metal oxide host, then re-intercalated
back into the graphite during charging.
This design vastly outperformed the previous generations of rechargeable
batteries, those using a nickel-cadmium or nickel metal hydride architecture. Modern
lithium ion batteries use the same concepts first established by Sony, although improved
materials design has led to greater capacity. However, battery capacity would be still
even greater if a lithium metal negative electrode were used. A battery design which
safely utilizes lithium metal would achieve a leap forward in battery capability on the
scale of what was achieved by the development of the lithium ion battery.

1.4.2 Solid and Gel Polymer Electrolytes
Solid electrolytes are ion conducting mediums in which no liquid is present. Gel
electrolytes are similar, in that the overall material has dimensional stability (i.e. does not
flow) similar to a solid, but may contain very large proportions of liquid absorbed into a
cross-linked matrix. Solid and gel polymeric electrolytes can been constructed from
polymers which have the capacity to coordinate with ions and disassociate salts. Polymer
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electrolytes have applications for dye-sensitized solar cells,111 proton transport for fuel
cells,112 and for lithium batteries.113
For lithium batteries in particular, there are several advantages to using a solid or
gel polymer electrolyte as opposed to the conventional liquid electrolyte. First, liquid
electrolytes in lithium ion batteries are composed primarily of flammable organic
solvents. Internal short-circuits caused by physical damage to the battery or other misuse
can bring the solvent past its auto-ignition temperature, resulting in a fire. A solid
electrolyte or gel electrolyte without flammable organics will therefore be far safer.
Secondly, a liquid electrolyte requires containment to prevent leakage.

This

containment adds to both the mass and size of the battery. A solid or gel electrolyte
which does not flow and hence cannot leak does not require such containment, and will
therefore have greater energy density.
Thirdly, polymer electrolytes have been demonstrated to slow dendritic
growth.107,108,114-116 It is possible that the improved electrochemical stability of polymers
compared to organic solvents such as ethylene carbonate or propylene carbonate slows
the development of the uneven passivation layer which has been implicated in bringing
about the conditions for lithium dendritic growth.

Another possibility is that the

enhanced rigidity of a solid polymer or gel polymer electrolyte compared to a liquid
physically restricts the penetration of lithium dendrites into the electrolyte. While these
methods have not entirely suppressed lithium dendritic growth, they suggest that further
development of polymer electrolytes may slow dendritic growth to the point where the
lifetime of the battery becomes long enough for practical applications.
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Lastly, the dimensional stability of solid and gel electrolytes allows the battery to
be prepared as a film. Such thin-film batteries are far more efficient in terms of the space
they occupy, enhancing the volumetric energy density considerably compared to the
conventional can configurations. Figure 1.7 clearly demonstrates the reduction in cell
volume that can be achieved by using a solid or gel electrolyte.

(a)

(b)

Figure 1.7 – Illustrations of battery configurations, (a) a conventional “cell can”
configuration required to contain a liquid electrolyte and (b) a thin-film configuration
enabled by a solid electrolyte. Reproduced with permission from Nature 2001, 414,
359.102 Copyright 2001 Nature Publishing Group

Researchers have been working to develop solid polymer electrolytes for more
than 35 years. Wright117 and Armand118,119 were among the first to investigate lithium
ion conduction in polymers with their pioneering work on PEO / LiX salt blends (where
X represents many possible anions: ClO4, CF3SO3, TFSI, etc.).

These early works

focused on PEO due to its well-known capacity to coordinate with ions and low glass
transition temperature (Tg).

They found that ion conduction only occurs in the

amorphous regions of PEO, as PEO crystallinity severely reduces ion mobility through
the polymer119. In addition, at high concentrations lithium salts appear to form high
melting temperature stoichiometric compounds with PEO.
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It is generally believed that ion conduction in polymers occurs by the Grotthuss
mechanism120, involving ion hopping from one complex site to the next.
hopping requires chain mobility;

This ion

a clear correlation between the chain segmental

dynamics and lithium ion conductivity has been established.121 These dynamics are
extremely slow in glassy or crystallized polymers. Therefore, such polymers are not
capable of significant ion transport. This is clearly demonstrated in Figure 1.8, which
shows plots of the conductivity (here the inverse of resistivity) of PEO-LiCF3SO3
complexes as a function of the inverse temperature.122 For each salt concentration, there
is a clear transition with increasing temperature, corresponding to the melting of
crystalline PEO. After the melting transition, conductivity increases by several orders of
magnitude.
This plot also shows another interesting phenomenon; a maximum exists in
conductivity with increasing salt concentration. As salt concentration increases from
uncomplexed PEO to a 20/1 ratio of PEO mers to lithium salt molecules, conductivity
generally increases. This is expected, as greater salt concentration increases the number
of charge carriers. However, what is not expected is a decrease in conductivity as salt
concentration exceeds the 20/1 ratio. This is most likely due to the formation of PEOLiCF3SO3 stoichiometric salt complexes that Armand

reported earlier.

The phase

diagrams have been determined for PEO-LiX mixtures, where X is CF3SO3,122 ClO4,122
AsF6,122

and a variety of other anions,123

and clearly indicate the existence of

stoichiometric complexes. It is possible that Li ions locked into such complexes have far
lower mobility than free, disassociated Li ions, decreasing conductivity. It has also been
observed that the structural relaxation time of PPO-NaCF3SO3 blends increased rapidly
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with salt concentration, suggesting inter-chain ion-coordination with the same cation.124
This inter-chain coordination may act to form transient cross-links, inhibiting chain
flexibility and therefore slowing ion conduction.

Figure 1.8 – Conductivity of PEO-LiCF3SO3 complexes at varying salt concentration.
The concentration is expressed as a ratio of # PEO repeat units to # LiCF3SO3.
Reproduced by permission from ECS - The Electrochemical Society: Journal of the
Electrochemical Society, 1986, 133, 315.122 Copyright 1986, The Electrochemical
Society.

These early works have established the two main challenges of developing a
practical solid polymer or gel polymer electrolyte: preventing the formation of polymersalt complexes, and achieving sufficient chain flexibility for good ion conduction. These
must then be weighed against a third challenge of having sufficient polymer rigidity to
maintain dimensional stability, without which the electrolyte is no longer solid.
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A

polymer melt electrolyte cannot form a dimensionally stable film, will require additional
packaging and containment to prevent leakage, and may not be as effective at inhibiting
lithium dendrite formation.
Unfortunately, polymer rigidity is inversely related to chain flexibility – to
increase one, the other must oftentimes be sacrificed. This contradiction has plagued the
development of polymer electrolytes for decades. The work presented herein proposes a
means to break this contradiction by the use of a microphase separated BCP gel
electrolyte.
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CHAPTER 2
INTERACTION BETWEEN POLY(ETHYLENE OXIDE) AND
ROOM TEMPERATURE IONIC LIQUIDS

2.1 Introduction
As described earlier, ILs are non-volatile, non-flammable, have good
electrochemical stability, and are ionically conductive. These qualities are all highly
desirable in an electrolyte, and ILs have been proposed as alternatives to replace
flammable, volatile organic solvent based electrolytes.1-4 Polymer/IL composites may be
one means to achieve non-flammable, non-volatile electrolytes which are also have the
benefits of solid-like properties.

Polymer/IL electrolytes have been tested for

applications in dye-sensitized solar cells,5,6 fuel cells,7,8 and lithium batteries.9,10 In
order to develop and better understand polymer/IL composites for these applications,
many investigations of polymer/IL interactions and polymer IL solubility have been
carried out and will be reviewed here.
There are very few works dedicated solely to the understanding of how ILs
solubilize polymers, although generalizations can perhaps be drawn from empirical
reviews.11,12

Generally, very hydrophobic polymers such as poly(styrene) (PS) and

poly(4-vinylpyridine)(P4VP) are insoluble in ILs. However, poly(methyl methacrylate)
(PMMA) and poly(n-butyl methacrylate) (PnBMA) are soluble in several ILs despite
their hydrophobicity, owing perhaps to their well-known capacity to coordinate with
ions.13 On the other hand, poly(hydroxyl ethyl methacrylate) is insoluble in most of the
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ILs investigated in these reviews, except in [EMI][BF4]. This is perhaps due to the larger
hydrogen bond accepting capacity of the BF4 anion (refer to the summary of Kamlet-Taft
parameters in Table 1.2.1), which may form a hydrogen bond with the hydroxyl group.
The hydrophilic polymer PEO is soluble in most ILs, but another hydrophilic polymer,
poly(acrylic acid), is insoluble in all the ILs investigated. In this case, it is likely that the
ILs investigated were unable to break apart the strong hydrogen bonding interactions
between poly(acrylic acid) chains. In general, it appears that non-hydrogen bonding,
ionophilic (ion-coordinating) and hydrophilic polymers have the greatest solubility in
ILs, whereas hydrophobic or strongly hydrogen bonding polymers are insoluble in ILs.
It may be expected that polymer solutions in ILs adhere to UCST-type solution
behavior rather than LCST. LCST-type solution behavior can result from a directionality
to the solvent-solute interaction (such as hydrogen bonding), which results in a negative
change in the entropy of mixing. ILs are composed entirely of ions, and since coloumbic
interactions have no directionality, UCST behavior seems more likely. However, ILs
have substantial organic substitutions unlike conventional salts and are indeed capable of
hydrogen bonding, as reviewed in the previous chapter. LCST behavior has in fact been
reported quite often for polymer/IL solutions. Polyethers such as PEO14 and poly(ethyl
glycidyl ether)15 show LCST behavior, and hydrogen bonding is made clearly evident for
the poly(ethyl glycidyl ether) solution. Poly(n-butyl methacrylate)16 and derivatives of
poly(benzyl methacrylate)17 (PBzMA) also show LCST solution behavior. Hydrogen
bonding does not seem likely for these polymers, but it is not clear what other interaction
may be responsible for the LCST behavior.
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UCST behavior is also observed, for solutions of poly(n-isopropyl acrylamide)
(PNIPAm) in several ILs12,18. This is surprising considering the well-known LCST
solution behavior of (PNIPAm) in aqueous solutions.19,20
By combining polymers with UCST and LCST behavior into BCPs, selfassembled polymer morphologies can be achieved having thermoreversible micellization.
A BCP of PBzMA (has LCST behavior in ILs) and PNIPAm (UCST behavior in ILs)
form micelles in [EMI][TFSI] and [BMI][PF6], with a PNIPam core at low temperatures
and PBzMA core at high temperatures.21 BCPs of PEO and PNIPAm in [EMI][BF4] also
show thermoreversible assembly.22
The miscibility of ILs with ion-coordinating polymers is of particular interest,
since such mixtures have potential as gel electrolytes.

Many ILs exhibit strong

interactions with such polymers. This suppresses polymer crystallization which is
necessary for good ion conduction.

Suppression of polymer crystallization by the

addition of ILs has been observed for PEO23-25 and poly(vinylidene fluoride) (PVDF)
based copolymers26,27. However, not all ILs are capable of inhibiting crystallization. In a
9/1 (w/w) blend of 1-ethyl-3-methylimidazolium ethyl sulfate ([EMI][EtSO4]) with PEO,
the melting temperature was reduced only by approximately 3 °C, and the polymer still
retained greater than 50% crystallinity.28
The varying degrees of suppression of PEO crystallization that differing ILs
achieve indicates that the strength of the interaction between the ILs and PEO varies
considerably with the selection of IL. In this chapter, the strength of the interaction
between PEO and several room temperature ILs is described, and an attempt will be
made to account for the differences in interaction strength and interaction type. These
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measurements will then correlated with established Kamlet-Taft solvochromatic
parameters of these ILs in an attempt to further explain the observed behavior and to also
determine how Kamlet-Taft may be used to predict polymer/IL interactions.

2.2 Experimental
2.2.1 - Materials and Blend Preparation
The ILs in these experiments were varied according to their anion while keeping
the cation constant, and vice versa.

While varying the anion, the cation was kept

primarily as 1-butyl-3-methylimidazolium ([BMI]).
hexafluorophosphate

([PF6]),

The anions were varied from

bis(trifluoromethylsulfonyl)imide

([TFSI]),

tetrafluoroborate ([BF4]), all paired with [BMI], and then a 1-ethyl-3-methylimidazolium
([EMI]) cation paired with an ethyl sulfate ([EtSO4]) anion. The cations were varied by
pairing a 1-butyl-2,3-dimethylimidazolium ([BMMI]) with a [PF6] anion, and N-butyl-Nmethylimidazolium ([BMP]) paired with [TFSI]. The structures and abbreviations for
these ILs are summarized below in Scheme 2.1. All the ILs used in this study were
purchased from Sigma-Aldrich. The ILs were stored in a nitrogen purged glovebox to
prevent moisture contamination.
These ILs were each blended with a PEO homopolymer, also purchased from
Sigma-Aldrich. The polymer has a number average molecular weight of 4,600 g/mol (as
indicated by the supplier) and a dispersity of 1.07 (as measured by a THF gel permeation
chromatography column against a polystyrene standard).
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Scheme 2.1 – Summary of ILs used in this study.

[BMI][BF4]

[BMI][TFSI]

[BMI][PF6]

[BMMI][PF6]

[BMP][TFSI]

Polymer/IL blends were prepared at varying IL concentrations, according to the
molar fraction of IL with respect to the number of PEO repeat units. The concentrations
were 2.5, 5.0, 10, 20, and 30 mol% IL. For each blend, the total mass of material was
200 mg. To prepare the blends, a pre-determined amount of IL was weighed out into a
20 mL glass vial while in the nitrogen purged glovebox. A Teflon coated magnetic
stirbar was also added to the vial. The vials were removed from the glovebox, and a predetermined amount of the PEO homopolymer was added. To speed dissolution, 3-4 mL
of dichloromethane cosolvent (Fisher) was used, which is a good solvent for PEO and for
every IL used. These solutions were set to stir for 2 hours, then placed onto a hotplate at
mild heat and purged with nitrogen flow for approximately 1 hour to evaporate the
majority of the dichloromethane cosolvent. The remainder of the cosolvent was removed
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by drying at 70 °C under vacuum for 18 – 20 hours. The dried blends were removed
from the vacuum oven after this time and stored in the glovebox.

2.2.2 - Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to measure the melting point
depression and suppression of PEO crystallinity in the blends. The measurements were
carried out on a Q200 and also a Q2000 DSC from Thermal Analysis, both equipped with
a refrigerated cooling system. The instruments were calibrated with sapphire references
approximately twice a year, and with an indium metal standard prior to each experiment.
Samples were loaded into aluminum DSC pans and sealed hermetically while in the
glovebox to prevent any moisture absorption. Between 10 and 20 mg were used in each
experiment.
During an experiment, the samples were first heated from 40 °C to 80 °C at a rate
of 25 °C/minute. They were held isothermally for 5 minutes to ensure complete melting
of PEO, then cooled at a rate of 5 °C/minute to 0 °C.

The samples were held

isothermally for 60 minutes to ensure sufficient time for any PEO crystallization to occur.
The temperature was then lowered to -20 °C, then ramped to 80 °C at 5 °C/minute. All
the reported thermograms are from this second heating run.
The reported melting points were taken as the temperature at which the last trace
of crystallinity disappears, i.e. the high temperature end of the endothermic melting peak.
The heat flow output from the calorimeter was normalized by the mass of PEO present in
the blend. The heats of fusion were determined from the area of the endothermic melting
peaks by integration using the Universal Analysis software from TA instruments. The
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crystalline fraction can then be calculated by taking the ratio of the melting enthalpy for a
particular blend to the heat of fusion for an infinite, perfect PEO crystal (188.9 J/g).29

2.2.3 - Fourier Transform Infrared Spectroscopy
The vibrational spectra of the blends was obtained by Fourier Transform Infrared
Spectroscopy (FTIR), using the Attenuated Total Reflection (ATR) sampling method. A
Perkin Elmer model Spectrum 100 FTIR equipped with a ZnSe ATR crystal was used for
these experiments. The infrared spectra were recorded from 4000 to 650 wavenumbers
with a 4 wavenumber resolution, averaged over 64 scans.

2.3 Interaction strengths of various ionic liquids
2.3.1 - Calorimetry Results
Blending a polymer and a miscible small molecule diluent lowers the chemical
potential for the molten state, which allows the polymer and diluent to intimately mix.
This makes the molten state thermodynamically more favorable, depressing the melting
temperature and reducing the fraction of polymer that crystallizes.30 The stronger the
interaction between polymer and diluent, the greater melting point suppression and
reduction in crystallinity. PEO is a highly crystalline polymer. Therefore, melting point
depression and suppression of crystallization can be used as a measure of the interaction
strength between PEO and the ILs used in this study.
Differential scanning calorimetry was performed for each blend at each of the five
IL concentrations chosen. Below in Figure 2.1 are thermograms for blends of PEO with
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[BMI][PF6] which are typical of these measurements.

The thermograms for the

remainder of the polymer/IL blends are shown in Appendix 2A.

Neat
[BMI][PF6]
Heat Flow (W/g)

69 vol%
56 vol%
37 vol%

21 vol%
12 vol%
Neat
PEO

-20

0

20

40

60

80

100

Temperature (°C)

Figure 2.1 – Thermograms of PEO/[BMI][PF6] blends at various concentrations.

In general, the melting peaks for each polymer/IL blend become smaller with
increasing IL concentration, indicating that the heat of fusion for crystallization decreases
as the crystalline fraction of PEO decreases. The melting temperature decreases also.
Neat PEO and several of the PEO/IL blends at low IL concentrations show a double peak.
This is likely due to the formation of PEO crystals with different numbers of integer
folds31,32 (i.e. crystals having lamellae in which the chains fold once vs folding twice).
The degree of crystallinity and melting temperature as a function of IL
concentration is summarized for each set of PEO/IL blends in Figure 2.2.
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Figure 2.2 – Summary of (a) % crystallinity and (b) melting point for each PEO/IL
blend.

Judging from the magnitude of the melting point depression and the extent of
suppression of PEO crystallinity, the ILs fall into two broad categories: those which have
a strong interaction with PEO, and those with a weak interaction. The ILs [BMI][PF6]
and [BMI][TFSI] have a strong interaction; the % crystallinity decreases continuously
with increasing IL concentration, and is nearly zero for the highest concentration of
[BMI][PF6]. Crystallization is suppressed entirely with [BMI][TFSI].
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This is in sharp contrast to blends with [BMI][BF4], [BMMI][PF6], and
[BMP][TFSI]. With these ILs, the crystallinity decreases with IL concentration at first,
then appears to level off despite increasing concentration. Even at IL concentrations of
greater 65 vol%, the PEO is more than 45% crystalline for each of these ILs. The
magnitude of the melting point depression of PEO is substantially smaller for these ILs as
well. It is apparent that these ILs form a far weaker interaction.
Blends with [EMI][EtSO4] show odd behavior, in that the melting enthalpy of the
blend increases dramatically at the highest IL concentrations. It is in fact greater than
that of the PEO control, suggesting that crystallinity of PEO in these blends is greater
than neat PEO, which does not seem likely.

It is possible that at high loadings,

[EMI][EtSO4] forms a stoichiometric complex with PEO. Such complexes have been
observed for blends of PEO and various lithium salts, which exhibit a very large
endothermic melting peak attributed to the complex.33,34 Similar complexes may be the
reason for the anomalously high heats of fusion in PEO/[EMI][EtSO4] blends.

2.3.2 - Melting Point Depression Analysis
A more quantitative analysis of the interaction strength can be obtained from the
magnitude of the melting point depression. The Flory-Huggins interaction parameter 
between a polymer and a small molecule diluent can be determined from the relation
between the volume fraction of the diluent and the depressed melting point of the
polymer, given by the well-known relation developed by Flory30:



1
1
RV2u
 0 
1  12
Tm Tm
H uV1u



(2.1)
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In equation 2.1, Tm is the equilibrium melting temperature of the polymer/diluent
blend with 1 volume fraction of diluent. Tm0 and Hu are the equilibrium melting
temperature and heat of fusion per mol repeat unit of the theoretical perfect polymer
crystal, respectively. R is the gas constant (8.314 J/K), V1u is the molar volume of the
polymer repeat unit, V2u is the molar volume of the small molecule diluent, and  is the
Flory-Huggins segmental interaction parameter between the polymer and diluent.
However, this equation assumes that the molecular weight is very large. For the
present case, the degree of polymerization for the PEO polymer used in the blends is
approximately 105. Therefore, the assumption of infinite molecular weight is not valid,
and the generalized form used by Nishi and Wang35 is more appropriate:


 1
1
1
RV2u  ln 1  1 
1 
 0 
 1 
   12 

Tm Tm
H uV1u  m2
 m2 m1 


(2.2)

Here, m2 is the degree of polymerization of the polymer, m1 is the degree of
polymerization of the diluent, and all other variables are the same as in equation 2.1.
Rearranging equation 2.2 yields:

 1 1  H uV1u  ln 1  1 
 1
1
  0 
 
 1      12
m2
 m2 m1 
 Tm Tm  RV2u 

(2.3)

Plotting the left hand side (L.H.S. in later plots) of equation 2.3 against -
should give a linear plot with a y-intercept of zero and the slope equal to .
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A plot of the left hand side of equation 2.3 vs. -for PEO/[BMI]PF6] blends is
shown in Figure 2.3 below. A linear regression analysis by the Microsoft Excel software
shows a reasonable fit to the data. The interaction parameter is approximated by the
slope of the linear fit, yielding  = -0.98 for the interaction between PEO and
[BMI][PF6]. By a similar analysis (shown in Appendix 2A),  = -2.59 for blends of PEO
and [BMI][TFSI]. These large, negative  parameters indicate that a specific interaction,
such as hydrogen bonding, exists between these ILs and PEO.

Table 2.1 – Quantities used for determination of from melting point depression.
Vu,PEO

38.9 mL/mol

Vu,[BMI][PF6]

207.4 mL/mol

Vu,[BMMI][PF6]

220.9 mL/mol

Vu,[BMI][BF4]

186.8 mL/mol

Vu,[EMI][EtSO4]

190.6 mL/mol

Vu,[BMI][TFSI]

291.2 mL/ mol

Vu,[BMP][TFSI]

205.2 mL/mol

Hu

8,315 J/mol repeat unit

m1

1.0

m2

104.5

Judging from the relative magnitudes, the interaction is far stronger with
[BMI][TFSI], although it is not clear why this is so. It is possible that the larger [TFSI]
anion more easily disassociates from the [BMI] cation compared to [PF6], more easily
giving up the [BMI] cation to from a hydrogen bond with PEO. The greater ease of
disassociation is perhaps reflected by the lower melting point and viscosity of
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[BMI][TFSI] compared to [BMI][PF6] (-3 °C and 40 mPa-s vs. 10 °C and > 200 mPas).36

Although there are other measures which suggest disassociation is greater in

[BMI][PF6].36
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Figure 2.3 – Melting point depression analysis of PEO/[BMI][PF6] blends according to
equation 2.3.

For the remainder of ILs, the results of the melting point depression analysis were
unclear. Figure 2.4 plots equation 2.3 for PEO/[BMI][BF4] blends. It is clear that the
linear regression does not yield a good fit and a reliable approximation of  cannot be
made from this plot. The analyses of PEO blends with [BMMI][PF6], [BMP][TFSI], and
[EMI][EtSO4] also do not adhere to a linear fit.
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Figure 2.4 – Melting point depression analysis of PEO/[BMI][BF4] blends according to
equation 2.3.

It is possible that the difficulty in determining  from the melting point depression
arises from the difficulty in obtaining a highly accurate measure of melting temperature.
Small variations in the measured melting temperature can introduce large error into the
plots of equation 2.3. When the magnitude of the melting point depression is large, as is
the case with the strongly interacting ILs [BMI][TFSI] and [BMI][PF6], these variations
are less significant. When the magnitude is smaller, these variations are become larger in
proportion to the overall melting point depression. Performing more repeat experiments
and averaging the observed melting temperatures to obtain a more accurate fit may
improve the analysis.
It must also be noted that equations 2.2 and 2.3 requires the use of the equilibrium
melting points, i.e. those obtained with at zero supercooling from the crystallization
temperature.

The determination of the equilibrium melting temperature requires

extrapolation over a range of isothermal crystallization temperatures. However, PEO is
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extremely difficult to quench without significant crystallization prior to reaching the
desired temperature (even when using a liquid nitrogen quenching apparatus). Therefore,
the equilibrium melting temperatures were not used in these analyses, which may also
introduce error.
Lastly, group contribution models of IL/molecular solvent mixtures have had
greater success when treating the cation and anion as two separate components in the
mixtures.11 If ILs should be considered as consisting of two components, then multiple 
parameters would be required, and equations 2.2 and 2.3 would be completely invalid.

2.4 Basis of Interaction
Empirical studies of polymer/IL solutions show that both UCST and LCST type
behavior are possible.

As discussed earlier, UCST solution behavior likely reflects

Coulombic attractions between the polymer and the IL, whereas LCST behavior is likely
from the formation of hydrogen bonds. FTIR has been established as a means to probe
hydrogen bonding interactions in polymers by Painter and Coleman37,38. This is
accomplished by tracking the absorbance of vibrational peaks which are involved in these
interactions.
In the case of ILs, vibrational spectroscopy has been used to examine the
formation of hydrogen bonds involving protons on the imidazolium ring of ILs having an
imidazolium cation.39,40 In particular, the raman absorbance peaks for C-H bonds at the
‘2’, ‘4’, and ‘5’ positions on the imidazolium ring were found to red-shift (shift to lower
wavenumbers) by 40-50 cm-1 as the anion was changed from [PF6] to [Cl]. The formation
of a hydrogen bond lengthens the C-H bond distance, decreasing the energy required to
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make the bond oscillate. Therefore, a red-shift indicates an increase in the strength of the
hydrogen bond between cation and anion.
In the present case, the ether functionality of PEO is a potential hydrogen bond
acceptor. If the ether group is a stronger hydrogen bond acceptor than the anion of an
imidazolium based IL, the absorbance peaks of the C-H stretching vibrations should redshift in comparison to the neat IL. This will provide a clear indication of a hydrogen
bond between the IL and PEO.
The FTIR spectra of blends PEO/[BMI][PF6] blends in the imidazolium C-H
stretching region are shown in Figure 2.5a. Neat [BMI][PF6] has two absorption peaks in
this region, one centered at 3126 cm-1 corresponding to stretching peaks of the C2-H bond
(C-H bond involving the carbon at the ‘2’ position), and another at 3171 cm-1
corresponding to asymmetric stretching peaks of the C4-H and C5-H bonds. The peak
assignments were obtained from Talaty 2004.40
In the PEO/[BMI][PF6] blends, a clear shoulder peak is observed, red-shifted by
approximately 45 cm-1 from the symmetric stretching peak of the C2-H bond. The other
peaks do not shift by any substantial degree (within the 4 cm-1 experimental resolution).
This shoulder peak is most likely due to the C-H bonds being lengthened by the
formation of a hydrogen bond between PEO and [BMI][PF6].
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Figure 2.5 – FTIR spectra of PEO/[BMI][PF6] blends in the (a) imidazolium C-H
stretching region and (b) PF6 asymmetric stretching region.

Interestingly, the relative size of the C-H stretching shoulder peak decreases as
the IL concentration increases. This suggests that smaller fractions of the IL in the blend
are forming hydrogen bonds with PEO as concentration increases. It is possible that the
acceptor sites on PEO become saturated. Assuming that every imidazolium ring proton is
capable of forming a hydrogen bond with PEO (as they are with the IL anion41), at a 2.5
mol% concentration of IL, there is a 13/1 ratio of PEO ether acceptors to imidazolium
ring donors.

This ratio does not reach 1/1, the expected saturation point, until

approximately 25 mol% IL. Judging from Figure 2.5a, the acceptors are saturated when
the concentration exceeds 2.5 mol%. Therefore, it seems that not every ether group is
capable of accepting a hydrogen bonding proton, perhaps due to crystallization of PEO.
There may also be an effect from steric hindrance. Due to the alkyl chains, the IL is
larger than a single PEO repeat unit, and additional IL molecules may be restricted from
pairing with repeat units adjacent to one which is bound to an IL molecule.
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Figure 2.5b shows the FTIR spectra of the PEO/[BMI][PF6] blends in the [PF6]
asymmetric stretching region. The large peak at 815 cm-1 is from [PF6] stretching. There
is a small peak at 740 cm-1 which corresponds to bending of the HCCH group on the
imidazolium ring. These assignments are again from Talaty 2004.40 PEO has one peak
in this region at 842 cm-1, which is the wagging mode of CH2.42
The PEO peak in this region complicates the analysis, but it is only a minor
shoulder peak at the highest IL concentration, 30 mol%. From the 30 mol% spectrum, it
is clear that the [PF6] peak has blue shifted compared to the neat IL by 24 cm-1. A blueshift indicates that greater energy is needed to activate the stretching mode of [PF6],
indicating that P-F bonds are shorter in the PEO/IL blend than in the neat IL. Most
likely, this is due to the cation switching its hydrogen bond from the [PF6] anion to PEO.
The [PF6] anions then become free ions, having shorter bonds due to the lack of any
strong interaction.
The entire [PF6] peak shifts in blends with PEO, whereas only a shoulder peak is
observed for the shift of the C-H stretching peak.

This appears to contradict the

suggestion that the hydrogen bonding sites on PEO become saturated, and cannot be well
explained.
In this discussion, the interaction between PEO and [BMI][PF6] has been assumed
to be a hydrogen bonding interaction.

While the literature has established that

imidazolium ILs have the capacity to form hydrogen bonds, it is also possible that this
interaction is from a Coulombic attraction between the lone electron pairs of the ether
group and the positive charge on the imidazolium ring of the IL. PEO forms complexes
with the Li+ cation of lithium salts in a similar fashion, which also cause observable FTIR
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peak shifts.43,44 Or there may be a combination of hydrogen bonding and Coulombic
attraction. To determine which interaction type is dominant, PEO blends with a very
similar IL, [BMMI][PF6], are examined. Compared to [BMI][PF6], the ring proton bound
to the C2 carbon of the imidazolium ring has been replaced by a methyl group in
[BMMI][PF6]. The C2-H bond in [BMI][PF6] is considerably more acidic than the C4-H
and C5-H bonds,45 and replacing this proton with a methyl group should dramatically
decrease the capacity for hydrogen formation. If hydrogen bonding is the dominant
interaction between PEO and [BMI][PF6], the interaction strength will be substantially
smaller in blends of PEO and [BMMI][PF6]. The calorimetry results (Figure 22) have
suggested this is the case, and the FTIR spectra of these blends may confirm this.
Figure 2.6 shows the FTIR spectra for PEO/[BMMI][PF6] blends.

In the

imidazolium C-H stretching region, there is a peak at 3156 cm-1 from the C4-H and C5-H
asymmetric stretching peaks. No shoulder peaks appear nor is this main peak shifted by
any significant amount in the blends compared to the neat IL. The [PF6] asymmetric
stretching peak must also be considered. This peak appears at 820 cm-1, and gradually
grows in intensity as the IL concentration is increased. There is also no substantial shift
for this peak when comparing the neat IL with the polymer/IL blends.
The lack of peak shifts in the FTIR spectra for PEO blends with [BMMI][PF6]
clearly shows that the interaction is far weaker than in blends with [BMI][PF6].
Therefore, hydrogen bonding is the dominant interaction between [BMI][PF6] and
Coulombic attraction must have a far weaker role or is absent altogether.
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Figure 2.6 - FTIR spectra of PEO/[BMMI][PF6] blends in the (a) imidazolium C-H
stretching region and (b) PF6 asymmetric stretching region.

Blends with [BMI][TFSI] also had a very large melting point depression
according to the calorimetry results, suggesting that there is a strong interaction between
[BMI][TFSI] and PEO as well. In the imidazolium C-H stretching region, the C2-H peak
is considerably broader in blends with PEO than in the neat IL, although no clear
shoulder can be seen. However, the asymmetric stretching peak of the CF3 group in the
[TFSI] anion clearly blue-shifts by 15 cm-1 comparing the PEO/IL blends to the neat IL,
indicating the formation of a strong interaction, likely a hydrogen bond. The FTIR
spectra for the [BMI][TFSI] blends are in Appendix 2B.
The IL [BMP][TFSI] has no protons on the pyrrolidinium cation with significant
acidity, and therefore should not be capable of any hydrogen bonding interaction with
PEO. Despite this, there is still a substantial depression of the PEO melting point in
[BMP][TFSI] blends (Figure 2.2). In addition, the vibrational peaks of the [TFSI] anion
are affected by blending with PEO.

Figure 2.7 shows the FTIR spectra of
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PEO/[BMP][TFSI] blends in the CF3 asymmetric stretching region of [TFSI] and the
ether stretching region of PEO. Neat [BMP][TFSI] has several peaks in this region: CF3
asymmetric stretching at 1175 cm-1, SO2 asymmetric stretching at 1135 cm-1, and a mixed
peak at1050 cm-1 from CH2N, CH3N stretching, SO stretching, and SNS asymmetric
stretching.46 The peak centered at approximately 1100 cm-1 is the COC ether stretching
peak of PEO. In the blends with PEO, the CF3 peak is blue-shifted between 13 cm-1 and
20 cm-1. This blue shift reflects that the cation is less strongly bound to the anion due to
the interaction with PEO. This is despite the lack of hydrogen bonding, showing that
Coulombic attractions are still significant.

Absorbance (a.u.)

[BMP]
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30 mol%

20 mol%
10 mol%
5.0 mol%

2.5 mol%
Neat PEO
1300

1200

1100

1000

Wavenumber

900

800

(cm-1)

Figure 2.7 – FTIR spectra of [BMP][TFSI] blends in the CF3 stretching region.

For [BMI][BF4] and [EMI][EtSO4], there are again no significant FTIR peak
shifts for either the cation or anion when blended with PEO (see appendix 2B). This is
especially surprising for the case of [BMI][BF4]. This IL is not very different from
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[BMI][PF6] but has a far weaker interaction with PEO, indicated by the calorimetry and
FTIR results.

2.5 Correlation with Kamlet-Taft Parameters
The Kamlet-Taft parameters consist of three indices which describe the solvating
characteristics of a given solvent. These indices are *, which represents the
polarizability, , for the hydrogen bond acidity, and , the hydrogen bond basicity.
Correlating the calorimetry and FTIR results with the Kamlet-Taft parameters for the ILs
used in these experiments may help to explain the observed differences in the interaction
strength between PEO and the various ILs.

Table 2.2 – Kamlet-Taft Parameters for the ILs used in this study, according to
Crowhurst 2003.47
*





[BMI][PF6]

1.032

0.634

0.207

[BMI][BF4]

1.047

0.627

0.376

[BMI][TFSI]

0.984

0.617

0.243

[BMP][TFSI]

0.954

0.427

0.252

[BMMI][TFSI]

1.010

0.381

0.239

Ionic Liquid

The Kamlet-Taft parameters for the ILs used in this study were obtained from the
literature, and are listed in Table 2.2. The * parameter is nearly the same for all the ILs.
 appears dependent upon the choice of cation: largest for [BMI], then significantly
lower for [BMP], reflecting the lack of acidic protons.
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It is lowest for [BMMI],

emphasizing the dominance of the proton at the ‘2’ position over hydrogen bonding in
[BMI][PF6]. The  parameter is mostly dependent upon the anion. It is nearly the same
for [TFSI] and [PF6], but noticeable larger for [BF4].
The reduced capacity for hydrogen bonding of the [BMP] and [BMMI] cations
compared to the [BMI] cation is the most likely reason for the decreased interaction
strength of [BMMI][PF6] and [BMP][TFSI] with PEO. However, this does not explain
the reduced interaction strength of [BMI][BF4].

According to its  parameter,

[BMI][BF4] should be just as capable of forming a hydrogen bond as either [BMI][PF6]
or [BMI][TFSI]. However, the larger  parameter indicates that the [BF4] anion is a
stronger hydrogen bond acceptor. The interaction energy for the formation of an ion pair
is also larger for [BMI][BF4] compared to [BMI][PF6] and [BMI][TFSI].48 This indicates
that a greater capacity for the anion of an IL to accept a hydrogen bonding proton from
the cation makes the IL less likely to disassociate. It is possible that PEO is a weaker
hydrogen bond acceptor than [BF4], and therefore the cation prefers to remain bound to
[BF4].

2.6 Conclusions
Several room temperature ILs were blended with PEO, and the interaction
between the polymer and ILs was characterized. The ILs [BMI][PF6] and [BMI][TFSI]
have acidic protons which are capable of forming a hydrogen with PEO. These ILs
formed the strongest interaction with PEO, whereas the ILs only capable of Coulombic
attractions had weaker interactions with PEO. The IL [BMI][BF4] has acidic protons as
well and was expected to also hydrogen bond with PEO. However, as indicated by its
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Kamlet-Taft parameters, the [BF4] anion is a stronger hydrogen bond acceptor than [PF6]
or [TFSI]. Therefore [BMI] is less likely to disassociate from [BF4] and form a hydrogen
bond with the weaker hydrogen bond acceptor, PEO. Kamlet-Taft parameters may prove
to be a useful tool for prediction of polymer solvation by ILs.

Appendix 2A: Additional Thermal Analysis Figures
In Figure 2.A.1 are the thermograms for PEO blends with the remaining ILs.
They share very similar features with Figure 2.3.1: neat PEO and the blends with low IL
concentration have a double peak and the melting point and % crystallinity are reduced
with increasing IL concentration.
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Figure 2.A.1 – Thermograms of PEO blends with (a) [BMI][TFSI], (b) [EMI][EtSO4],
(c) [BMI][BF4], (d) [BMMI][PF6], and (e) [BMP][TFSI].

Below in Figure 2.A.2 are the remainder of the plots for the melting point
depression analysis.

Here, equation 2.3 only fits well for the data from
58

PEO/[BMI][TFSI] blends. For the rest, the smaller magnitude of the melting point
depression introduces errors into the analysis, and there is no correlation between the
data and equation 2.3.
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Figure 2.A.2 – Melting point depression analysis according to equation 2.3 for blends
with (a) [BMI][TFSI], (b) [EMI][EtSO4], (c) [BMI][BMP], (d) and [BMMI][PF6].
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Appendix 2B: Additional Vibrational Spectra
The remainder of the vibrational spectra for the PEO/IL blends in the C-H
stretching region are shown in Figure 2.B.1 below.
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Figure 2.B.1 – FTIR spectra in the C-H stretching region of the cation for PEO blends
with (a) [BMI][TFSI], (b) [EMI][EtSO4], and (c) [BMI][BF4].

The remainder of the vibrational spectra for the PEO/IL blends in stretching
regions for the various ions are shown in Figure 2.B.2 below.
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Figure 2.B.2 – FTIR spectra in the anion stretching regions for PEO blends with (a)
[BMI][TFSI], (b) [EMI][EtSO4], and (c) [BMI][BF4].

For [BMI][TFSI], Figure 2.B.2 focuses on the CF3 asymmetric stretching region.
The peak assignments are the same as for [BMP][TFSI] in this region: CF3 asymmetric
stretching at 1175 cm-1, SO2 asymmetric stretching at 1135 cm-1, and a mixed peak
at1050 cm-1 from CH2N, CH3N stretching, SO stretching, and SNS asymmetric
stretching. The peak centered at approximately 1100 cm-1 is the COC ether stretching
peak of PEO.
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For [EMI][EtSO4], the Figure focuses on the COSO bending peak of the anion.
This peak is at 750 cm-1. Other peaks in this region at the CH2 wagging peak of PEO at
842 cm-1 and a peak from COSO3 at 912 cm-1.49
For [BMI][BF4], Figure 2.B.2 is in the [BF4] symmetric stretching region, with
this peak at 754 cm-1.50 There is also a peak at 836 cm-1, corresponding to the ring
HCCH bending mode, and again the CH2 wagging peak of PEO at 842 cm-1.
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CHAPTER 3
SELF-ASSEMBLY OF AMPHIPHILIC TRIBLOCK
COPOLYMERS IN A PHASE SELECTIVE IONIC LIQUID

3.1 Introduction
As discussed in the Introduction chapter, selective solvents and other additives
have the capacity to dramatically affect the phase behavior of a BCP. These additives
selectively swell a particular block, increasing the volume of the given microphase and
altering the morphology. This selective swelling also increases the effective  parameter
between the blocks, strengthening microphase separation. Solvents, salts, and
homopolymers can all behave as selective solvents.
Hydrogen bonding molecules are another class of selective additives. These have
to used to strengthen microphase separation in Pluronic® copolymers, a series of nonionic PEO-b-PPO-b-PEO triblock copolymer surfactants produced by BASF.

In

particular, it was found that poly(acrylic acid) homopolymers form hydrogen bonds with
the PEO blocks, dramatically enhancing segregation strength and long-range order.1,2
The interactions between PEO and PPO are only slightly unfavorable (PEO-PPO = 0.067 at
80 °C)3, so the neat polymer is phase mixed in the melt. When blended with a hydrogen
bonding additive, these copolymers achieve strong microphase separation. Water has
also been demonstrated to behave as a selective solvent for these BCPs.4,5
ILs also behave as selective solvents, and several works have shown that
amphiphilic BCPs form well-ordered structures in ILs, as the IL is selective for the polar
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block. Block copolymers of polybutadiene (PB) and PEO form micelles in dilute IL
solutions of [BMI][PF6]6 and [EMI][TFSI]7, with PB forming the core and PEO the
corona. Being fluorinated, these ILs are immiscible with water and form bilayers due to
the large density difference (the ILs having approximately 40% greater density). PB-bPEO micelles form in water also, but due to the LCST type solution behavior of PEO in
water, the micelles collapse at high temperatures. When dispersed in a biphasic solution
of water and an IL, these micelles are dispersed in the water phase at ambient
temperature. Upon heating, the micelles transfer to the IL phase, at temperatures
exceeding 75 °C for solutions with [BMI][PF6]8 and 85 °C with [EMI][TFSI].7 Similar
behavior is observed for micelles comprised of Pluronic® P123.9
ILs induce BCP microphase separation in concentrated solutions as well. ILs are
selective for the hydrophilic blocks of PS-b-P2VP,10 PS-b-PEO,11 and PB-b-PEO.12
These blends all show stronger microphase separation compared to the neat polymer,
even at low IL concentrations (less than 20%). Increasing IL concentration improves the
long-range order, and increased swelling of the hydrophilic microdomain by the IL shifts
the hydrophilic microdomain from the minority to the majority block.
Pluronic® copolymers have also been demonstrated to self-assemble in ILs.
Dilute solutions of Pluronic® P65, L81, and L121 in ethylammonium nitrate (EAN) form
micelles, where the micelle structure depends strongly upon temperature.13 At ambient
temperature, these polymers form unimers rather than micelles, suggesting LCST type
behavior in EAN as well. Dilute solutions of other Pluronic® copolymers, L61, L64, and
F68, were also observed to form micelles in [BMI][PF6] and in [BMI][BF4].14
Concentrated solutions of Pluronic® P123 in EAN have also been investigated15. SAXS
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and polarized optical microscopy reveal the formation of lyotropic liquid crystals, and
these liquid crystals pass through order-to-order transitions as the concentration of EAN
is increased. P123 also forms liquid crystals in [BMI][PF6]16. Self-assembly of other
nonionic surfactants in ILs, such as Brij®17,18 and Triton®19, has also been observed.
In this chapter, the interactions between the IL [BMI][PF6] and Pluronic®
copolymers and copolymers will be investigated. It has been indicated that [BMI][PF6]
hydrogen bonds with PEO, and should have a similar interaction with PEO blocks of
Pluronic® copolymers. In addition, the selectivity of the IL for PEO over PPO will be
demonstrated.

Lastly, the self-assembly resulting from this selectivity will be

characterized.

3.2 Experimental
3.21 - Materials and Blend Preparation
The copolymers used in these experiments are from the Pluronic® series of nonionic surfactants produced on a commodity scale by BASF. These are low molecular
weight PEO-b-PPO-b-PEO symmetric triblock copolymers.

F108, F127, and F77

specifically were used, and were donated by BASF. These polymers cover a range of
molecular weights. The structure of a Pluronic® copolymer is shown in Scheme 3.1
below.
Scheme 3.1 – Structure of Pluronic® copolymers.
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Blends were also made with low molecular weight PEO and PPO homopolymers
for purposes of comparison. The characteristics of the copolymers and homopolymers
used in these experiments are summarized below.

Table 3.1 – Summary of the polymers used in this study.
Polymer

Total Mn

wt% PEO

PDI

F108

14,600

80

1.21

F127

12,600

70

1.19

F77

6,600

70

1.09

PEO

4600

100

1.07

PPO

3500

0

1.14

These polymers were blended with the IL [BMI][PF6] (Sigma-Aldrich), which
was demonstrated to form hydrogen bonds with PEO in chapter 2. Blends with the
copolymers were made with concentrations between 10 wt% and 60 wt% of IL, in 10
wt% increments, and also with 80 wt% IL. Blends with the homopolymers were made
having 20, 40, and 60 wt% IL.
To prepare each blend, the appropriate amount of polymer and IL were added to a
20 mL glass vial along with a Teflon coated magnetic stirbar, while in a nitrogen purged
glovebox. The vial was capped with a septum, then removed from the glovebox. Outside
the glovebox the cosolvent, anhydrous grade N,N–dimethylformamide (Sigma-Aldrich),
was added through the septum, forming 3 to 4 wt% polymer solutions. The solutions
were stirred at approximately 40°C for 3 hours.
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Most of the co-solvent was then

evaporated by purging the vial with nitrogen over a period of 24 hours. The temperature
was increased to 70 – 80°C to speed the evaporation. The blends were then dried under
vacuum at 70-80°C for 24 hours to remove any remaining cosolvent and residual
moisture. The polymer/IL blends were stored in a nitrogen-purged glovebox immediately
after drying.

3.2.2 - Differential Scanning Calorimetry
DSC thermograms were obtained with a model Q200 DSC from TA instruments,
equipped with a Liquid Nitrogen Cooling System (LNCS).

The instrument was

calibrated with sapphire references approximately twice a year, and with an indium metal
standard prior to each experiment. Samples were loaded into aluminum DSC pans and
sealed hermetically while inside the glovebox to prevent any moisture absorption by the
IL. Between 5 and 15 mg of a given blend were added to each pan.
Each sample was heated to 80°C, cooled to -20°C, and then re-heated to 80°C.
The cooling and second heating scans were run at a 5°C/min ramp rate. Thermograms
are reported only from the second heating scan. For blends with high IL concentration
(50 wt% and higher in F127 and F108, and 40 wt% and higher in F77), in order to ensure
sufficient time for crystallization it was necessary to hold to blends isothermally at 0°C
for 1 hour upon cooling from the first heating step.
Melting points are taken as the temperature at which the last trace of crystallinity
disappears, i.e. the high temperature end of the endothermic melting peak. The heat flow
output from the calorimeter was normalized by the mass of PEO present in the blend.
The melting enthalpies were measured by determining the area of the endothermic
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melting peaks, by integration using the Universal Analysis software from TA
instruments. The crystalline fraction was then be calculated by taking the ratio of the
melting enthalpy for a particular blend to the heat of fusion for an infinite, perfect PEO
crystal (188.9 J/g)20.

3.3.3 - Fourier Transform Infrared Spectroscopy
The vibrational spectra of the blends was obtained by Fourier Transform Infrared
Spectroscopy (FTIR), using the Attenuated Total Reflection (ATR) sampling method. A
Perkin Elmer model Spectrum 100 FTIR equipped with a ZnSe ATR crystal was used for
the experiments on blends with PEO and PPO homopolymers, and a Bruker Tensor 27,
equipped with a diamond ATR-IR accessory for the blends with F127. The infrared
spectra were recorded from 4000 to 650 wavenumbers with a 4 wavenumber resolution,
averaged over 64 scans.

3.3.4 - Small Angle X-Ray Scattering
Sample holders for small angle x-ray scattering (SAXS) were made from 1.0 mm
thick washers with a Kapton film window, adhered to the washer by a cyanoacrylate
based adhesive (Loctite® brand glue). Polymer/IL blends were added to the sample
holders while in the glovebox. Airgaps were removed by heating the samples to 70°C –
80°C under vacuum for 24 hours. A second Kapton window was adhered to the washer
after the heating step to prevent leakage from the sample holder during the scattering
experiment.
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Small angle x-ray scattering (SAXS) experiments were performed at UMass using
a Molecular Metrology (Northampton, MA) instrument equipped with a 30 W
microsource (Bede) with a 30×30 µm2 spot size matched to a Maxflux optical system
(Osmic) producing a low-divergence monochromatic CuK beam (wavelength λ=0.1542
nm). The SAXS intensity was collected by a two-dimensional gas-filled wire detector
(also from Molecular Metrology) at a distance of about 1500 mm from the sample. The
instrument was calibrated for SAXS using the well-known reflection from silver
behenate. A homemade heater was used to run the scattering experiments at 70 - 80°C to
ensure that all samples were in the melt.

3.3 Ionic Liquid Interaction and Selectivity
Differential Scanning Calorimetry was used to determine the interaction strength
of the IL with the Pluronic® copolymers. Similarly to the results in chapter 2, the
magnitude of the melting point depression and suppression of PEO crystallinity can be
used as a measure of the strength of the interaction between PEO and [BMI][PF6]. In
Figure 3.1 is a summary of the melting point and % of PEO which crystallizes for blends
of [BMI][PF6] with F77, F127, and F108. These quantities are plotted against the total
percent of IL in the mixture, by weight. The plots show that while the neat polymers are
highly crystalline (nearly 90%), 60 wt% of the IL is sufficient to suppress all
crystallization of F77, and reduces the crystallinity of F127 and F108 to below 15%. In
addition, the melting point for all the copolymers is greatly reduced.
A melting point depression analysis will not be carried out on these blends, as was
the case with PEO/IL blends in chapter 2, due to the presence of the PPO block. The
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BCP/IL blends must be considered as ternary blends, which makes the analysis
prohibitively complicated.
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Figure 3.1 – (a) %Crystallinity and (b) melting point of blends of F108, F127, and F77
with [BMI][PF6].

The interaction between the IL and PEO blocks was investigated by FTIR as well.
As discussed in chapter 2, the stretching peaks of C-H groups on the imidazolium ring are
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sensitive to hydrogen bonding interactions. When the IL was blended with PEO, a
shoulder peak appeared, red-shifted by approximately 45 cm-1 from the C2-H stretching
peak of the neat IL.
A red-shifted shoulder peak is also observed when [BMI][PF6] is blended with
F127, as shown in Figure 3.2. The neat IL has two peaks, the larger at 3171 cm-1, from
the asymmetric stretch of C4-H and C5-H, and the smaller at 3126 cm-1 from symmetric
stretching of C2-H. The shoulder peak is again shifted by about 45 cm-1 from the C2-H
peak.
As was observed in chapter 2, there again appears to be a concentration above
which the relative size of the shoulder peak decreases, here when a 40 wt% IL
concentration is exceeded. This suggests that smaller fractions of the IL in the blend are
forming a hydrogen bond with F127 at concentrations exceeding 40 wt% than at lower
concentrations. This saturation point came at concentrations greater than 2.5 mol% in
blends of [BMI][PF6] with PEO homopolymer. However, in the blends with F127, the
saturation point comes much later – after 12.9 mol% in blends with F127. It is possible
that as crystallinity is easier to suppress in F127 (due to the presence of the PPO
amorphous block), more PEO ether groups are capable of accepting a proton for a
hydrogen bond.
Both DSC and FTIR show a strong interaction between Pluronic® copolymers
and [BMI][PF6]. Therefore, [BMI][PF6] forms hydrogen bonds with PEO in Pluronic®
BCPs, as well as with PEO homopolymers (demonstrated in chapter 2).
The hydrogen bonding between [BMI][PF6] and PEO occurs via the [BMI] cation
and the ether group of PEO. Several reports in the literature show that hydrogen bonding

73

additives are selective for the PEO block of Pluronic® copolymers,2,21,22 suggesting that
unlike in PEO, the ether group of PPO cannot form hydrogen bonds. In the present work,
the selectivity of [BMI][PF6] will be determined by comparing the FTIR peak shifts of
blends with PEO and PPO homopolymers. If PPO is incapable of forming a hydrogen
bond with [BMI][PF6], then a red-shifted shoulder peak will not be observed in the FTIR
spectra of PPO/[BMI][PF6] blends.

Neat F127

Absorbance (a.u.)

20 wt%

40 wt%

60 wt%

80 wt%

Neat IL
3250

3150

3050

2950

Wavenumber (cm -1)

Figure 3.2 – FTIR spectra of F127/[BMI][PF6] blends in the imidazolium C-H stretching
region.

However, the PPO homopolymer was not miscible with the IL at any
concentrations, 20 wt%, 40 wt%, or 60 wt% of the IL, phase separating macroscopically
on a scale visible to the eye. PEO however was fully miscible with the IL at all
concentrations. This unambiguously shows that the IL will be selective for the PEO
block of Pluronic® BCPs. Comparative FTIR spectra of IL blends with F127, PEO, and
PPO are shown below in Figure 3.3 to confirm the selectivity.
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Indeed, red-shifted

shoulder peaks from hydrogen bonding are clearly observed for at all IL concentrations
for blends with PEO and F127, yet are not seen at any IL concentration for blends with
PPO.
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(b)
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20 wt%
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40 wt%
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20 wt%
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Figure 3.3 – FTIR spectra of F127, PEO, and PPO blends with [BMI][PF6] with (a) 20
wt% IL, (b) 40 wt% IL, and (c) 60 wt% IL.
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3.4 Phase Behavior
The selectivity of [BMI][PF6] for PEO over PPO has been clearly demonstrated.
The IL behaves as a selective solvent, raising the effective parameter between PEO and
PPO. To determine the effect of this highly selective solvent, the phase behavior of the
Pluronic®/[BMI][PF6] blends has been investigated by SAXS, the results of which are
shown below in Figure 3.4. All the SAXS profiles were obtained at 70-80 °C to ensure
there is no PEO crystallinity.
The scattered intensities are plotted as a function of the scattering vector,

q  4 sin 2 , where is the wavelength of the incident x-ray, and  is the angle



between the transmitted and the scattered x-ray intensity. Only a weak, broad peak is
observed for the neat copolymers, indicating that the PEO and PPO blocks are phase
mixed in the melt. A weak peak is observed despite the blocks being phase mixed due to
correlation hole scattering.23 The magnitude of this effect scales with molecular weight;
thus for F77, having the lowest molecular weight, no correlation hole scattering is
observed.
There is a large decrease in the width of the peak upon addition of 10 wt% of IL
to the F108 and F127 copolymers. With higher concentrations of IL, the peak width is
further narrowed and higher order reflections are apparent (indicated by arrows above the
peaks), resulting from a greater extent of microphase separation between the two blocks.
This behavior is due to the increase in the effective  parameter caused by the addition of
the IL.
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Figure 3.4 – SAXS profiles of [BMI][PF6] blends with (a) F127, (b) F108, and (c) F77.

The F127 blend with 20 wt% IL has a q1 : 31/2q1 : 71/2q1 ratio of peaks for the 1st
through 3rd order peaks, where q1 is the scattering vector of the primary scattering peak.
This indicates a hexagonal arrangement of cylindrical microdomains, with the minority
blocks of PPO forming cylinders in a matrix of PEO swollen with IL. Normally a 41/2q1
peak would be expected, but this peak is often suppressed due to a minimum in the
77

structure factor. The 2q1 peak becomes more apparent in the 40 wt% blend, although it is
still subdued. Upon increasing the IL concentration to 50 wt%, an order-to-order
transition (OOT) occurs. The peaks show a q1 : 21/2q1 : 31/2q1 : 41/2q1… pattern. This
pattern indicates a change to a body-centered cubic (BCC) arrangement of PPO spheres
in a PEO/IL matrix. Increasing the IL concentration to 60 wt% causes the 5th, 6th, and 7th
order peaks to combine. The order-to-order phase transition (OOT) occurs due to the
selective swelling of the PEO block by the IL.
For the 10 wt% blend in F108, the SAXS profile shows a single higher order peak
at 31/2q1, suggesting a cylindrical morphology. The 20 wt% blend is clearly cylindrical,
considering the q1 : 31/2q1 : 2q1 : 71/2 ratio of the higher order peaks. A body-centered
cubic morphology is apparent for 30 wt% and greater concentrations of IL, indicating that
the Fl08 blends also go through an OOT.
Increasing the IL concentration in the copolymer blends increases the domain
spacing calculated from the primary scattering peak, as shown in Figure 3.5. The IL
selectively swells the PEO microdomains, increasing the distance between PPO
microdomains. Selective swelling of the PEO microdomains increases the curvature of
the PPO domains, until spherical domains become the stable morphology, and the blends
go through the observed OOTs from cylindrical to spherical morphologies.
Blending the IL with F77 does not result in the formation of higher order peaks,
although weak microphase separation does occur as indicated by the appearance of a
weak scattering peak. Also, blends with F77 do not appear to swell as quickly as the
higher molecular weight copolymers. It is possible that due to the lower molecular
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weight, the N product is not large enough to induce strong microphase separation
despite the selectivity of the IL additive.
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Figure 3.5 - d-spacing increase caused by selective swelling of the PEO block of
Pluronic® copolymers by [BMI][PF6].

3.5 – Conclusions
The crystallization and phase behavior of mixtures of the room temperature IL
[BMI][PF6] with Pluronic® PEO-b-PPO-b-PEO BCPs of varying molecular weight has
been investigated. Addition of the IL greatly reduces the crystallinity of the PEO block.
The IL hydrogen bonds with a PEO homopolymer and also with the PEO blocks of the
BCP, yet is completely immiscible with a PPO homopolymer. Therefore, the IL is highly
selective for the PEO blocks of Pluronic® BCPs. This selectivity raises the effective 
parameter between the blocks, inducing microphase separation in what are otherwise
phase mixed BCP melts.
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CHAPTER 4
ION TRANSPORT IN CROSS-LINKED AMPHIPHILIC
TRIBLOCK COPOLYMER - IONIC LIQUID GELS

4.1 Introduction
Replacement of the conventional, liquid electrolytes in lithium batteries with solid
or gel polymer electrolytes poses several advantages. For one, as polymer electrolytes
are generally non-flammable, batteries constructed with polymer electrolytes will be
safer. Polymer electrolytes can also display the solid-like characteristic of dimensional
stability (i.e. shape maintenance), in which case prevent of electrolyte leakage is not a
concern. Furthermore, a solid electrolyte can be prepared as a free-standing film. These
considerations will allow batteries to be made smaller and lighter, increasing power
density. Polymer electrolytes are also more effective at preventing the formation of
lithium dendrites, perhaps enabling the safe usage of lithium metal negative electrodes,
further increasing power density.
To function in a practical battery, the polymer electrolyte must have high ionic
conductivity, at least 10-3 S/cm at 25 °C. As discussed in Chapter 1, there is a clear
correlation between ion diffusivity in polymers and the chain segmental dynamics of the
polymer host. Put simply, if the polymer is rigid then ionic conductivity is very poor.
Glassy or highly crystalline polymers are extremely rigid, and are therefore not
appropriate for polymer electrolytes – unless they are plasticized.
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The prototypical ion-coordinating polymer PEO is highly crystalline

and

therefore requires plasticization in order to be capable of any significant degree of ion
transport.

PVDF and poly(acrylonitrile) (PAN) also have the capacity for ion

coordination, but require plasticization as well. Low volatility carbonate solvents such as
ethylene carbonate and propylene carbonate are effective plasticizers for PEO,
dramatically increasing the conductivity (to the 10-4 – 10-3 S/cm range) of PEO-LiX salt
mixtures compared to unplasticized mixtures.1-3
However, carbonate solvents have low but still significant volatility and are
highly flammable. The increased flammability negates other safety gains acquired from
polymer electrolytes. Additionally, the electrochemical reduction of carbonate solvents
has been implicated in creating the conditions for lithium dendritic growth4, indicating
that plasticizers with greater electrochemical stability may help to prevent dendritic
growth.
Succinonitrile is a potential non-volatile, non-flammable plasticizer for ioncoordinating polymers.

Succinonitrile (N≡C-CH2-CH2-C≡N) is a highly polar,

crystalline organic solid, but its crystallization is prevented by mixing with polar
compounds. For example, 5 mol% of LiTFSI (and a similar molar amount of other salts)
is sufficient to prevent crystallization.5

In addition, these salts disassociate in

succinonitrile, resulting in high ionic conductivity (~10-3 S/cm). Blending with PEO at
moderate concentrations results in a complete suppression of the crystallization of both
PEO and succinonitrile.6,7 When doped with a lithium salt, these mixtures achieved a
conductivity of nearly 10-3 S/cm.7
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Unfortunately, there may be drawbacks to the use of succinonitrile as well. It has
been suggested that as lithium metal catalyzes the polymerization of many nitrile
monomers8, succinonitrile cannot be used in batteries with lithium metal anodes,5 a
severe limitation. Although another work has used a succinonitrile/Li salt mixture with a
lithium metal anode, and reported high electrochemical stability and good cycling
behavior, so perhaps succinonitrile is stable against lithium metal.9
Ionic liquids are an additional class of plasticizers for polymer electrolytes. They
are both non-flammable and non-volatile, and generally have high electrochemical
stability.10 ILs are highly polar, comparable to water (see table 1.1), and thus can be
expected to achieve strong disassociation of lithium salts. The addition of ILs also slows
the formation of lithium metal dendrites,11 perhaps due to their high electrochemical
stability. Most importantly, they are very effective in suppressing crystallization of ion
coordinating polymers. Dialkylimidazolium12-16 and pyrrolidinium17-19 based ILs are the
most commonly used and are capable of increasing the ionic conductivity by several
orders of magnitude compared to the IL free polymers. Ionic conductivities up to 6.7x103

S/cm have been reported using an IL plasticizer.16
ILs however do have a significant disadvantage – their usage results in a low

lithium transference number.17 The transference number defines the proportion of charge
carriers which are involved in the desired electrochemistry of the battery, Li cations in
the case of lithium batteries. A high proportion of mobile ions that are not involved in
the electrochemistry, characterized by a low lithium transference number, will polarize
the cell as they migrate towards the oppositely charged electrode. This polarization will
reduce Li cation conductivity.17 ILs consist of easily dissociable, mobile ions, and can
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therefore lead to considerable electrode polarization. An optimization must therefore be
established between having sufficient IL concentration to fully plasticize the polymer
while keeping electrode polarization to a minimum. One particular work appears to
strike a good balance, in which a PEO/LiTFSI/[PMPyr][TFSI] electrolyte shows high
capacity with a fair cycling performance20, despite earlier reports of a very low
transference number of 0.15 for the same system.17
While plasticization is necessary to ensure high ionic conductivity, it does not
provide mechanical strength. Once plasticized, a PEO/LiX/IL blend behaves nearly like
a polymer melt and will deform irreversibly under very small applied loads. To realize
all the potential advantages of solid polymer electrolytes, the electrolyte must have
sufficient mechanical strength to achieve dimensional stability.
The addition of inorganic particles has been investigated as one means to both
plasticize polymer electrolytes and enhance mechanical strength.

The plasticization

arises from the inhibition of recrystallization kinetics, perhaps due to a Lewis acid-base
interaction between the polymer and particles21.

In addition, ion disassociation is

improved upon blending with inorganic fillers22,23, increasing lithium ion mobility. The
mechanical reinforcement arises from the addition of hard particles to the electrolyte,23
allowing it to resist deformation. Particle types include -alumina,24 titania,21 saltdoped montmorillomite clay22, and various mesoporous silicas.23,25 Unfortunately, the
conductivities of these PEO/LiX/particle blends do not exceed 10-4 S/cm. Blending with
an additional plasticizer is required to achieve high conductivity in these mixtures.
The introduction of cross-links is another means to add mechanical strength.
Chemical cross-links consist of covalent bonds, which can be introduced via cross-
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linking co-monomers26 or end-groups.27 Physical cross-links can be added by using
polymers with co-monomers or blocks which are glassy28,29 or crystalline30. A gel is
formed by swelling the physically cross-linked polymer in a plasticizing electrolyte
solution. A particularly successful example of a polymer electrolyte having crystalline
physical cross-links is poly(vinylidene fluoride – hexafluoropropylene) (PVDF-HFP)
random copolymers, patented by Bellcore in 199431 and the subject of further study
since.32-34
Various methods of forming ionic liquid gels have also been developed. One
approach is to take advantage of the solvating capacity of ILs to polymerize a glassy
polymer which becomes swollen by the IL, forming a physical gel. This has been carried
out with poly(hydroxyethyl methacrylate)35, PMMA,36 and also with PMMA containing
acrylate-based cross-linkers.37,38 Polymerized ILs are another class of physical gels, in
which ILs are polymerized through a vinyl39 or methacrylate functionality.40 PVDF-HFP
copolymers swollen with ILs are another route to create IL gels.41-43 Chemically crosslinked IL gels have been prepared by the cross-linking of methacrylate endfunctionalized PEO-based oligomers44,45, of azide-terminated PEO,46

and by cross-

linking high molecular weight PEO through the backbone using benzophenone.46,47
Carrying out the cross-linking reactions while swollen in the IL yields solid gels. ABA
triblock copolymers with an ion-coordinating midblock and cross-linked48 or glassy49,50
endblocks also form conductive gels when swollen in an IL.
Many techniques have been developed for the fabrication of solid and gel
electrolytes. However, in most cases these electrolytes fall short of the conductivity
required for a practical battery or have insufficient mechanical strength to maintain
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dimensional stability. Unfortunately, the rigidity needed to provide mechanical strength
to a polymer electrolyte typically renders it less flexible as well, in turn decreasing ionic
conductivity. It is therefore difficult to simultaneously achieve high conductivity and
high mechanical strength.
The use of microphase separated BCPs may present a means to develop polymer
electrolytes having both high ionic conductivity and high mechanical strength. A simple
representation of an idealized ABA triblock copolymer is shown in Figure 4.1 to illustrate
this hypothesis.

Figure 4.1 – Illustration of an idealized ABA triblock copolymer for a polymer
electrolyte. The red spheres represent rigid blocks for mechanical strength, the blue
chains an ion-coordinating flexible midblock for ionic conductivity, and the green
background a diluent which is phase selective for the midblock.

The ABA triblock should have rigid endblocks, rigid either by cross-linking or by
nature of being a glassy polymer, which add mechanical strength. These blocks are
represented in Figure 4.1 as red spheres. The midblock must be ion-coordinating and
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flexible to promote good ion-conduction. These are represented by the blue chains in
Figure 4.1. The green background matrix represents an optional diluent if needed to
plasticize the ion-coordinating block and/or ensure good salt disassociation. The diluent
must be highly selective for the ion-coordinating block, as to not soften the rigid block
meant for reinforcement and to also enhance microphase separation strength.
The BCP electrolyte should be strongly microphase separated to maintain a sharp
interface between the rigid and flexible, ion-coordinating microdomains. Intimate mixing
between the flexible and rigid chains will lower the mobility of the flexible chains, in turn
lowering ionic conductivity. In addition, the flexible, ion-coordinating block (plus phase
selective diluent if present) should form the majority microphase. The rigid microphase
will act as a blockade to ion transport, and were the conducting block the minority in a
BCC spherical morphology (reverse the colors in Figure 4.1), there would be no
continuous path for ion conduction from electrode to electrode.
A cylindrical morphology with the conducting block as the minority block or even
a lamellar morphology would also have poor conductivity. It is nearly impossible to
maintain a single BCP orientation over the macroscopic distances in a battery electrolyte.
Therefore, at some point a diffusing ion will reach a grain boundary at which the
conducting path is interrupted. By having the conducting block as the majority, a clear
path from electrode to electrode is always ensured – provided there is strong microphase
separation.
Several works support this hypothesis. Mayes and coworkers demonstrated the
importance of microphase separation with a comparison of a microphase separated
PMMA-b-POEM block copolymer (where POEM is poly(oxyethylene methacrylate)) to
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a PMMA-r-POEM random copolymer, both doped with LiTf salt.51 The conductivity of
the microphase separated BCP is two orders of magnitude greater than the random
copolymer at 25 °C (Figure 4.2).

However, when the BCP exceeds its ODT, the

conductivity deviates and begins to approach that of the random copolymer.

This

strongly suggests that microphase separation between the rigid block and the ionconducting block is required for high ionic conductivity.

Figure 4.2 – Ionic conductivity of PMMA-b-POEM block copolymer compared to
PMMA-r-POEM random copolymer, vs. temperature. Both polymers are doped with
LiTf. Reproduced by permission from ECS - The Electrochemical Society: Journal of
the Electrochemical Society 2001, 148, A537.51 Copyright 2001 The Electrochemical
Society.

The importance of morphology has also been demonstrated.

For a BCP

consisting of a linear PEO block and a polyethylene-dendrimer block doped with
LiCF3SO3, a discontinuous increase in conductivity is observed when passing through a
cylindrical morphology to a bicontinuous gyroid morphology.52 The PEO block is the

88

minority domain in the cylindrical morphology, such that there is no continuous path
between electrodes. Yet such a path does exist in a bicontinuous morphology. Other
works show similar results supporting the importance of maintaining an uninterrupted
pathway for ion conduction in the conducting block.53,54
However, other works have suggested that BCP morphology and microphase
separation have no effect on conductivity.55,56 The phase behavior of PS-b-PEO diblock
copolymers doped with LiTFSI was determined.

The conductivity of these doped

copolymers as a function of temperature was fit to the Vogel-Tamman-Vulcher (VTF)
prediction. The conductivity did not deviate from the VTF prediction despite heating
through the ODT temperatures. A discontinuous decrease in conductivity would be
expected if microphase separation had a large influence on conductivity. As there was
not, the authors concluded that microphase separation does not have a significant effect.55
The same work also shows there is no discontinuous change upon passing through an
OOT from lamellar to a mixed morphology of bicontinuous gyroid and lamellar. The
introduction of a co-continuous morphology would have increased the conductivity if the
BCP morphology had a significant effect. The lack of any change suggests that this is
not a factor. An earlier work shares this conclusion.56 Therefore, the role of BCP phase
behavior in polymer electrolytes is still controversial, and further research is required to
determine if these materials can be used to fabricate improved solid polymer electrolytes.
In this chapter, polymer gel electrolytes will be fabricated by cross-linking PPOb-PEO-b-PPO triblock copolymers while swollen in [BMI][PF6], the copolymers having
been end-functionalized with methacrylate end-groups to render them cross-linkable.
Considering the selectivity of this IL for PEO (demonstrated in chapter 3), the BCP
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should be strongly microphase separated. The cross-linked PPO minority microphases
will add mechanical strength, and the majority PEO/IL microphase will provide ionic
conductivity. This will establish a means to form polymer gels using a BCP architecture
which is produced on a commercial scale.
In addition, using these copolymers will allow determination of the effect of BCP
phase behavior on conductivity in which the mechanically reinforcing block is
chemically rather than physically cross-linked.

Three different copolymers and one

homopolymer will be cross-linked while swollen in varying concentrations of the IL.
The copolymers represent high and low molecular weight, and high and low PEO
fractions. The phase behavior of the copolymer/IL blends will be correlated with the
ionic conductivity and mechanical properties of these gels, to determine the effect of BCP
microphase separation strength and composition. This chapter will also explore the
addition of microphase selective cross-linkers, and how BCPs can be used to sequester
these cross-linkers away from the conducting microphase to mitigate their negative
effects on ionic conductivity.

4.2 Experimental
4.2.1 - Materials
The IL used in this part of this work is [BMI][PF6], obtained from Sigma-Aldrich.
PEO having Mn equal to 4,600 g/mol and 8,000 g/mol were also purchased from SigmaAldrich. Pluronic® 25R4 was donated from BASF. Synthesis and distillation reagents
were all obtained from Sigma-Aldrich:

propylene oxide, calcium hydride (CaH2),

potassium hydride (KH, in mineral oil), 12.0 M hydrochloric acid (HCl) 18-crown-6,
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methacryloyl chloride, triethylamine (TEA), sodium metal (in mineral oil), and
benzophenone. Tetrahydrofuran (THF), methanol, diethyl ether, hexanes, chloroform
and Optima grade water were all purchased from Fisher Scientific. A radical inhibitor, 4hydroxy-2,2,6,6-Tetramethyl-1-piperidinyloxy (4-OH-TEMPO) was also purchased from
Fisher. Cross-linking oligomers, poly(propylene glycol) diacrylate (Mn = 800 g/mol) and
poly(ethylene glycol) diacrylate (Mn = 700 g/mol) were obtained from Sigma-Aldrich.
The photo-initiator, 2,2-dimethoxy-2-phenylacetophenone was also purchased from
Sigma-Aldrich.
THF was distilled over sodium/benzophenone ketyl still prior to use. Propylene
oxide was vacuum distilled over calcium hydride. Mineral oil was removed from KH by
mixing the slurry with distilled THF, followed by gravity filtration and two subsequent
washes with fresh THF and overnight drying in an inert atmosphere. 18-crown-6 was
dried under vacuum at 70 °C for 20 hours, then stored in the glovebox. TEA was
distilled over CaH2. The cross-linkable poly(ethylene oxide) and poly(propylene oxide)
oligomers were stripped of inhibitor by passage through a plug of activated basic
alumina. Purified oligomers were stored in a 4 °C refrigerator until needed. All other
reagents were used as received.
Extreme caution must be used when handling sodium metal, CaH2, and KH.
These reagents are all water reactive, forming hydrogen gas which can then be ignited by
the exothermic reaction with water.
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4.2.2 - BCP synthesis
In this work, polymer/IL gels were synthesized from three different PPO-b-PEOb-PPO triblock copolymers and from one PEO homopolymer. The copolymers are of
high and low molecular weight and high and low PEO composition.

The desired

characteristics of the BCPs used in this work are summarized below in Table 4.1. These
characteristics were not quite met exactly, as will be shown.

Table 4.1 – Target molecular weights and compositions for the polymers used in this
work.
Polymer

Total Mn

Composition

Low Mn, low PEO fraction

3,600 g/mol

40 wt% PEO

High Mn, low PEO fraction

11,500 g/mol

40 wt% PEO

High Mn, high PEO fraction

11,500 g/mol

70 wt% PEO

PEO Homopolymer

8,000 g/mol

100 wt% PEO

High molecular weight PPO-b-PEO-b-PPO copolymers are not commercially
available, and had to be synthesized via anionic polymerization.

The reaction is

summarized in scheme 4.1 and in the text below.
For the copolymer having high Mn and high PEO fraction, a PEO homopolymer
with Mn = 8,000 g/mol and two terminal-hydroxy groups (PEO 8000) was used as a
macroinitiator. To prepare the macroinitiator, PEO 8000 (19.6 g, 4.9 mmol of hydroxyl
end-groups, 1.0 equiv.) was added to a 200 mL Schlenk flask along with a Teflon coated
magnetic stirbar. The flask was sealed with a rubber septum, then the contents put under
nitrogen backflow on a Schlenk line, through the side-arm of the flask. The flask was
immersed into a 90 °C oil bath and stirred for approximately 10 minutes to allow the
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polymer time to melt. Traces of moisture were removed by three cycles of vacuum purge
followed by repressurization with dry nitrogen. After these cycles, the polymer was
again put under high vacuum and left in the 90 °C oil bath while stirring for 4 hours to
ensure the polymer was thoroughly dried. Following this, the flask was repressurized
with nitrogen and allowed to cool for 30 minutes. Afterwards, the flask was sealed, and
brought into a nitrogen purged glovebox.

Scheme 4.1 – Synthesis of PPO-b-PEO-b-PPO block copolymers from PEO
macroinitiator.
KH, 18-crown-6

THF, 50 C

THF, 30 C

In the nitrogen-purged glovebox, 90 mL of distilled THF was added to the flask
containing the polymer, forming a 220 mg/mL solution with respect to the polymer. KH
(0.187 g, 4.7 mmol, 0.95 equiv.) was added to the flask, along with 18-crown-6 (1.23 g,
4.7 mmol, 0.95 equiv). After these additions, the flask was sealed and removed from the
glovebox and reinstalled on the Schlenk line under nitrogen backpressure. The flask was
immersed in a 50 °C oil bath and stirred for about 24 hours.
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The flask was cooled for 30 minutes before being brought into the nitrogen
purged glovebox. A total of 15.0 g propylene oxide in 20 mL of THF was added to the
reaction flask. This is a 1.8-fold excess with respect to the quantity of propylene oxide
ideally required to achieve 30 wt% PPO. An excess was used to realize a reasonable
reaction time. The flask was sealed, then immersed in a 30 °C oil bath and stirred for 48
hours. The reaction was quenched by adding 10 mL of a 20 vol% solution of HCl in
MeOH and stirring for several hours.
The quenched polymer was dried via rotary evaporation followed by vacuum
oven at 70 °C for 20 hours. The dried polymer was re-dissolved in chloroform (1 g/mL)
and purified by precipitation in cold diethyl ether. This precipitation was repeated twice
more.

The precipitated polymer was dissolved again in chloroform (500 mg/mL) and

centrifuged at 15,000 rpm for 2 hours at 4 °C to remove KCl salt formed during
quenching. An approximately 70% yield was obtained after all purification steps. The
purified copolymer was dried again by rotary evaporator and under vacuum at 70 °C for
20 hours. Using 1H NMR, the composition was determined to be approximately 64 wt%
PEO according to the ratio of the PEO ethylene peak to the PPO methyne peak. GPC
(THF, polystyrene standard) shows the dispersity is 1.03.
The copolymer having high Mn but low PEO composition was synthesized using a
PEO homopolymer with Mn = 4,600 g/mol (PEO 4600) as the macroinitiator. The
procedure for preparing the macroinitiator was the same as for the previous BCP, except
with different amounts of PEO 4600 (10.0 g, 4.3 mmol end-groups, 1.0 equiv.), KH
(0.166 g, 4.1 mmol, 0.95 equiv.), 18-crown-6 (1.08 g, 4.1 mmol, 0.95 equiv.), and 45 mL
distilled THF (220 mg/mL with respect to polymer).
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The prepared macroinitiator was again brought into the glovebox. A total of 30.0
g propylene oxide in 55 mL of THF was added to the reaction flask. As before, an excess
was required to realize a reasonable reaction time, a 2-fold excess here. The sealed
reaction flask was immersed in a 30 °C oil bath and stirred for 3 days, followed by
quenching with 25 mL of a 20 vol% solution of HCl in MeOH.
The quenched polymer was dried via rotary evaporator and under vacuum at 70
°C for 20 hours. Due to the near even composition, the BCP did not precipitate at high
yield in any solvent. To purify the polymer, the LCST type solution behavior of PEO in
water was utilized. The polymer was found to form a clear solution in cold water
(Optima grade), at a 100 mg/mL concentration by stirring for 4 hours while the solution
was immersed in an ice bath. This solution was poured into a 250 mL erlenmeyer flask,
sealed with a rubber septum, and immersed in a 90 °C oil bath for 18 hours. The flask
was kept under nitrogen backflow during this time to prevent polymer oxidation. Due to
the LCST type behavior of PEO in water and the insolubility of PPO in water, the
polymer precipitated from the hot water with greater than 90% yield. This precipitation
was repeated a second time. The water precipitation step also removed the KCl salt, so
no centrifugation was required. The purified copolymer was dried in the same method as
before.
GPC (THF, polystyrene standard) shows that there is a small amount of
homopolymer impurity. It is possible that some small amount of residual moisture
remained in the reaction flask, forming KOH and initiating a fraction of the propylene
oxide monomer. This impurity was removed by precipitation in cold hexanes. This
precipitation has only 50% yield, bringing the final yield after all purification steps to
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45%. The dispersity of the final product was 1.02. Using 1H NMR, the composition of
the purified polymer was determined to be approximately 42 wt% PEO according to the
ratio of the PEO ethylene peak to the PPO methyne peak.
The low molecular weight, low PEO composition PPO-b-PEO-b-PPO copolymer
is available from BASF, having the trade-name Pluronic® 25R4. A PEO homopolymer
with 8,000 g/mol was also commercially available.
For the synthesized polymers, the same naming convention is employed as was
used for Pluronic 25R4: the first two numbers multiplied by 100 is the combined Mn of
the PPO blocks, ‘R’ indicates ‘reverse’ as in PPO blocks are at the ends compared to a
typical Pluronic®, and the last number multiplied by 10 is the weight fraction of PEO.
Therefore, Pluronic® 25R4 is a PPO-b-PEO-b-PPO triblock copolymer in which the PPO
blocks combined are 2500 g/mol, and the composition is 40 wt% PEO.

4.2.3 - Polymer End-group Modification
The polymers used in this work were made cross-linkable by modifying the
terminal hydroxyl end-groups with methacrylate end-groups. This was accomplished by
esterification with methacryloyl chloride in the presence of TEA.

The reaction is

summarized in Scheme 4.2 and in the text below.
For the modification of 45R6, the polymer was added to a 200 mL Schlenk flask
(20.5 g, 3.3 mmol end-groups, 1.0 equiv.), along with a Teflon coated magnetic stirbar.
The flask was sealed with a rubber septum, then the contents put under nitrogen backflow
on a Schlenk line.

The flask was immersed into a 90 °C oil bath and stirred for

approximately 10 minutes to allow the polymer to melt. To dry the polymer, the system
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was then evacuated under high vacuum and purged with nitrogen 3 times. After these
cycles, the polymer was again put under high vacuum and left in the 90 °C oil bath while
stirring for 7 hours to ensure the polymer was thoroughly dried. Following this, the flask
was put back under nitrogen and polymer was allowed to cool for 30 minutes.
Afterwards, the flask was sealed, and brought into a nitrogen purged glovebox.

Scheme 4.2 – End-group modification of BCPs

THF, 25 C

While in the glovebox, 130 mL of distilled THF was added, forming a 150
mg/mL solution with respect to mass of the polymer. Approximately 5.5 mL (3.5 mmol,
39.6 mmol, 12 equiv.). of TEA was added as well. The flask was then sealed, removed
from the glovebox, and put back under nitrogen backflow on the Schlenk line. The flask
was immersed in a 50 °C oil bath and stirred for 1 hour to ensure complete polymer
dissolution. The flask was then moved to a water bath maintained at 25 °C, and allowed
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to cool for 10 minutes. Methacryloyl chloride (3.5 mL, 33 mmol end-groups, 10.0
equiv.) was added drop-wise to the reaction via syringe.
CAUTION: the esterification with methacryloyl chloride is exothermic. Care
must be taken to ensure the reaction temperature is regulated. Normally for such a
reaction the flask is kept in an ice bath; however PEO precipitates from THF at cold
temperatures, so a 25 °C water bath was used here instead. In addition, the reaction
produces HCl gas as a byproduct. Precautions must be taken to ensure there is no buildup of pressure. In this case, the reaction was nitrogen backflow regulated on a Schlenk
line.
The reaction was stirred for 16 hours. After this time, 9 mL of methanol were
added drop-wise to quench the reaction, and was stirred for 30 minutes. The reaction was
then poured through cellulose filter paper to remove the majority of the TEA:HCl salt.
An additional 25 mL of methanol was added to the filtered solution and stirred for 30
minutes to ensure complete quenching of the methacryloyl chloride.
The methacrylated polymer was found to be prone to autocross-linking during
storage and purification. In order to prevent pre-mature cross-linking, 200 ppm (4.0 mg)
of 4-OH-TEMPO radical inhibitor were added in an attempt to stabilize the polymer.
The stabilized polymer was stable under vacuum or heating to 80 °C, but a combination
of heat and vacuum still caused cross-linking. Therefore, the reaction solution was
purged with airflow to evaporate the majority of the solvent. Further solvent removal was
carried out by drying under vacuum at room temperature for 2 hours.
The functionalized 45R6 was re-dissolved in 20 mL chloroform (1.0 g/mL) and
purified by precipitation from cold diethyl ether. This precipitation was repeated twice
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more. Inhibitor was refreshed after each precipitation. The remaining solvent was
removed by purging under airflow and drying under vacuum. TEA:HCl salt removal was
completed by purification using a hot water precipitation method similar to the one
described above: the polymer was dissolved in cold water at an 80 mg/mL concentration,
then precipitated by heating at 80 °C for 4 hours while under nitrogen backflow. This
precipitation was repeated twice. The precipitated, end-functionalized, polymer was
dried under vacuum at room temperature for 20 hours, producing an approximately 50%
yield, and having about 300 ppm 4-OH-TEMPO.

1

H NMR indicates 93% end-group

conversion to methacrylate.
The other polymers were end-functionalized using a very similar procedure. For
the end-modification reaction of 64R4, 17.1 g of polymer were used, 20.1 g for 25R4,
and 20.3 g for PEO 8000, all with the same proportions of solvent, TEA, and
methacryloyl chloride as were used for the modification of 45R6. The drying, reaction
and quenching procedures quenching were the same for each polymer.
The purification methods had to be tailored to each polymer however. Inhibitor
was added to each polymer before purification and between each step, but otherwise the
procedures were very different. PEO 8000 was purified by precipitation from diethyl
ether, but did not precipitate well from hot water. Therefore, the salt removal was carried
out by dialysis. The polymer was dissolved in water (100 mg/mL) and dialyzed against
water using Spectra/Por -7 dialysis tubing (1000 Da MW cutoff) for 24 hours. The
purified yield was approximately 36% (yields from dialysis are generally poor). The endgroup conversion of the purified polymer was approximately 100% according to 1H
NMR.
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For 64R4, the polymer was purified by centrifugation from cold water and
precipitation from hot water. The polymer was dissolved in cold water at 100 mg/mL,
forming a cloudy solution. Centrifugation at 15,000 rpm and 4°C for 2 hours resulted in
the precipitation of a white solid, presumably TEA and methacrylic acid (a quenching
byproduct) gelled by the poor solvent quality of water. The solid portion was discarded,
and the liquor heated at 90 °C, under nitrogen, for 3 hours to precipitate the polymer.
The precipitation was repeated twice. The yield of purified functionalized 64R4 was
approximately 65%. The end-group conversion of the purified polymer was estimated at
87% according to 1H NMR.
For 25R4, the polymer cannot be precipitated from any solvent at high yield.
Therefore, the polymer was purified by dialysis. After filtration and quenching, the
reaction solution (100 mg/mL in mixed THF/methanol) was added directly into the
dialysis membranes. The solution was dialyzed against methanol for 24 hours. The
majority of the solvent was removed by purging with airflow for 24 hours. The polymer
was then re-dissolved in chloroform (500 mg/mL) and centrifuged at 15,000 rpm and 4
°C for 3 hours to remove the salt. The centrifugation was repeated once more. The
purified yield was approximately 50%.

The end-group conversion of the purified

polymer was estimated at 84% according to 1H NMR.
Each polymer solution had the solvent removed by purging with airflow followed
by drying under vacuum at room temperature for 20 hours. The inhibitor concentration
for each was between 300 ppm and 400 ppm.
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The characteristics of the end-functionalized polymers used in this work are
summarized in Table 4.2. The dispersity of Pluronic® 25R4 and the PEO homopolymer
were determined by GPC.

Table 4.2 – Characteristics of the polymers used in this work.
Polymer

Total Mn

Composition

Dispersity

Pluronic® 25R4

3,600 g/mol

40 wt% PEO

1.02

Lab-Made 64R4

11,000 g/mol

42 wt% PEO

1.02

Lab-Made 45R6

12,500 g/mol

64 wt% PEO

1.03

PEO -Methacrylate

8,000 g/mol

100 wt% PEO

1.02

4.2.4 - Blend Preparation
Polymer/IL blends were prepared with 50 wt% and 80 wt% concentrations of IL,
except for blends with 45R6, which were also made with 60 wt%, 70 wt%, and 90 wt%
IL. Blends with cross-linkers included were made at 80/20/10 parts by weight of IL,
polymer, and cross-linker respectively. For 45R6, a 90/10/5 blend with a cross-linker
was also made.
To prepare the blends, first the appropriate amounts of IL were added to 20 mL
glass vials along with a Teflon coated magnetic stirbar, while in the nitrogen purged
glovebox. The vials were then removed from the glovebox, and the polymer was added
to the IL. The photoinitiator, 2,2-dimethyl-2-phenylacetophenone, was then added, for
each blend at an amount equal to 0.5 wt% with respect to the polymer. The cross-linker
was then added if required. In each case, the total combined mass of IL and polymer
was either 1000 mg, 1100 mg for the 80/20/10 blends with cross-linker and 1050 mg for
the 90/10/5 blend. Each IL/polymer blend was dissolved in 5 mL methanol, or 10 mL
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methanol for the IL/polymer/cross-linker blends. The solutions were stirred for 2 hours.
The majority of the methanol was then removed under airflow for 2 hours, then the
blends was dried under vacuum at room temperature for 20 hours. The dried blends were
stored in the freezer. During the blending, the vials were wrapped in foil to minimize
light exposure, and were also wrapped during storage.

4.2.5 - Differential Scanning Calorimetry
Differential scanning calorimetry (DSC) was used to measure the suppression of
PEO crystallinity in the blends, as one of the purposes of blending with an IL is to ensure
that there is no polymer crystallinity to inhibit ion conduction. The measurements were
carried out on a Q200 and also a Q2000 DSC from Thermal Analysis, both equipped with
a refrigerated cooling system. The instruments were calibrated with sapphire references
approximately twice a year, and with an indium metal standard prior to each experiment.
Samples were loaded into aluminum DSC pans and sealed hermetically in the ambient
atmosphere.

These experiments are not designed to closely examine polymer/IL

interactions, so the minute amount of moisture absorbed from atmosphere is not a large
concern. Between 10 and 20 mg were used in each experiment.
During an experiment, the samples were first ramped from 40 °C to 80 °C at a
rate of 25 °C/minute. They were held isothermally for 5 minutes to ensure complete
melting of PEO, then cooled at a rate of 5 °C/minute to 0 °C. The samples were held
isothermally for 60 minutes to ensure sufficient time for any PEO crystallization to occur.
The temperature was then lowered to -20 °C, then ramped to 80 °C at 5 °C/minute. All
the reported thermograms are from this second heating run.
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The reported melting points were taken as the temperature at which the last trace
of crystallinity disappears, i.e. the high temperature end of the endothermic melting peak.
The heat flow output from the calorimeter was normalized by the mass of PEO present in
the blend. The heats of fusion were measured by determining the area of the endothermic
melting peaks, by integration using the Universal Analysis software from TA
instruments. The crystalline fraction can then be calculated by taking the ratio of the
melting enthalpy for a particular blend to the heat of fusion for an infinite, perfect PEO
crystal (188.9 J/g).57

4.2.6 - Cross-linking
The cross-linking reactions were carried out using a Thermal Analysis brand PCA
Photocalorimetry Accessory. The light is transmitted from a high pressure mercury lamp
to the sample by two 1000 mm long, 3 mm diameter quartz light guides, mounted in a
stainless steel plug at the ends of the light guides. To determine the amount of time
required for the cross-linking reactions to complete, the reactions were monitored by a
photo-DSC setup. Photo-DSC is carried out by replacing the conventional calorimeter
cell cover with the light-guide assembly described above.

Sample and reference

aluminum hermetic pans are placed into the calorimeter without lids in order to expose
them to the UV irradiation transmitted by the light guide. The calorimeter tracks the heat
flow associated with photo-induced reactions. In the present case, the reactions are
exothermic and have an obvious peak. The exposure times required for the cross-linking
reactions to proceed to completion were determined from the time required for this peak
to subside.
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The majority of the blends were cross-linked in ambient atmosphere, nitrogen
purging having been found to be unnecessary. The UV intensity for each cross-linked
reaction was confirmed with a radiometer.

For all samples a UV intensity of

approximately 120 mW/cm2 was used, for which photo-DSC indicated a 5.5 minute
exposure time was required for the reaction to complete. The exposures were therefore
run for 6 minutes to ensure complete cross-linking. The geometry the samples were
cross-linked in depended upon the experiment a particular sample was intended for, and
will be detailed in the relevant sections.

4.2.7 - Small Angle X-Ray Scattering
Sample holders for small angle x-ray scattering (SAXS) were made from 1.0 mm
thick, 5 mm inner diameter steel washers with a Kapton film window, adhered to the
washer by a cyanoacrylate based adhesive (Loctite® brand glue). Polymer/IL blends
were added to the resulting cavity in the sample holders in sufficient excess for the holder
to be overflowing. A glass slide having a fluorinated release layer was placed over the
top of the sample holders and the excess squeezed out. The glass slides were treated with
(heptadecafluoro-1,1,2,2-tetrahydrodecyl) dimethyl chlorosilane by adding this silane
into a sealed container (1 vol% with respect to the container) with the slides to be treated
also inside. After sealing, the slides were left for 24 – 48 hours for the release layer to be
adhered.
For uncross-linked samples, the slide was then removed, and any remaining
excess was scraped away with a razor blade before adhering a second Kapton window
over the top. For the cross-linked samples, the sample was cross-linked by the described
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6 minute UV exposure with the glass slide still on top. After cross-linking, this slide was
removed and the second Kapton window was adhered in its place.
The SAXS experiments were performed at UMass using a Molecular Metrology
(Northampton, MA) instrument equipped with a 30 W microsource (Bede) with a 30×30
µm2 spot size matched to a Maxflux optical system (Osmic) producing a low-divergence
monochromatic CuK beam (wavelength λ=0.1542 nm).

The SAXS intensity was

collected by a two-dimensional gas-filled wire detector (also from Molecular Metrology)
at a distance of about 1500 mm from the sample. The instrument was calibrated for
SAXS using the well-known reflection from silver behenate. A heating stage (Linkam)
was used to run the scattering experiments at 80°C to ensure that all samples were in the
melt.

4.2.8 - Dynamic Mechanical Analysis
Dynamic mechanical analysis (DMA) was used to evaluate the mechanical
properties of the cross-linked blends. Molds were made by adhering a fluorinated glass
slide to one side of a 1.0 mm thick, 5 mm inner diameter stainless steel washer. The
uncross-linked blend was added to the resulting cavity in sufficient excess for the blend
to overflow. A second fluorinated glass slide was placed over the top of the sample
holder and the excess squeezed out. These glass slide are critical to ensure that the
sample surfaces are flat;

rough or slanted surfaces result in errors in the DMA

experiment. The sample was cross-linked by the described 6 minute UV exposure with
the glass slide still on top. After cross-linking, the glass slides were removed, and the
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cross-linked sample freed from the washer cavity. The diameter was reduced to 3 mm by
use of a 3 mm hole punch.
The DMA experiments were run on a Thermal Analysis DMA Q800 in a
compression geometry, using 15 mm stainless steel top and bottom plates. The DMA
was run in a frequency sweep from 0.02 Hz to 10 Hz. For a few samples, 0.03 Hz was
the lower limit or 7.9 Hz the upper limit. These sweeps were at a constant strain of 0.1%
and a preload force of 0.5 N. The reported dynamic moduli are the average of separate
experiments of three samples created at each IL/polymer or IL/polymer/cross-linker
concentration. The variance for each data point is between 10 – 20%.

4.2.9 - Electrochemical Impedance Spectroscopy
The electrochemical impedance spectroscopy (EIS) technique was used to
determine the ionic conductivity of the blends, uncross-linked and cross-linked. The
basis of EIS is to apply an oscillating voltage over an insulating material and measure the
oscillating electric current response. A small amplitude sinusoidal voltage is applied
across a dielectric material between two electrodes. The electric current response is also
sinusoidal, having the same frequency as the applied voltage, and has a frequency
dependent amplitude and phase shift. An applied oscillating voltage divided by the
resulting current is impedance, essentially electrical resistance with imaginary
components (due to capacitance and inductance), and is equivalent to resistance when the
phase shift is zero.
To determine the electrical resistance and in turn the conductivity, an AC voltage
is applied over a broad range of frequencies spanning several orders of magnitude, and
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the resulting current at each frequency is measured. From the applied voltage and
response current the impedance is determined. The real and imaginary portions of the
impedance response (Z’ and Z” respectively) are plotted against each other at each
frequency in what is known as an Armand or Nyquist Plot. A Nyquist plot generated
from one of the experiments in this work was plotted using a custom software developed
at UMass and is shown below in Figure 4.3. These plots typically take on the shape of a
semi-circle. Fitting this shape and extrapolating to zero Z” gives the electrical resistance.
Knowing the sample geometry allows resistivity to be determined, which is the inverse of
conductivity.

Figure 4.3 – A typical Nyquist plot from which ionic conductivity can be determined.

Samples for EIS were prepared by adding the samples to glass capillary tubes and
inserting gold-plated copper electrodes into either end. In this manner, the geometry will
be very well defined. In addition, the high aspect ratio of a capillary tube results in a
large resistance, making it easier to model the Nyquist plot.
For very liquid-like samples (neat IL, 50 and 80 wt% in 25R4, 80 wt% in PEOMethacrylate, 80/20/10 in PEO-Methacrylate, 90 wt% in 45R6) the tubes were filled by
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placing one end of a tube into a reservoir of the sample and applying vacuum via
aspirator at the other end.

A similar method was used for the 50 wt% in PEO-

Methacrylate samples, except these had to be melted first by heating on a hotplate. For
the remainder of the samples (80/20/10 in 25R4, all 64R4 and 45R6 blends except 90
wt% in 45R6), the samples were mechanically pushed into the tubes.
After filling and plugging with the electrodes, the geometry of each sample was
carefully measured with calipers. The area of the tubes was between 1.2 and 1.4 mm 2,
and the distance between electrodes in the tube was between 7.0 and 11 mm. The crosslinked EIS samples underwent the 6 min UV exposure while in the capillary tubes and
plugged with the electrodes. Uncross-linked EIS samples did not receive this exposure.
The EIS experiments were carried out using a Solartron SI 1260 impedance
analyzer, combined with an 18-channel (2 input, 16 output) custom multiplexer
constructed by Pickering Interfaces, allowing up to 8 samples to be run simultaneously.
The measurements were carried out in ESPEC model BTU-133 and SH-241
environmental chambers. The experiments were run at a 100 mV amplitude over a
frequency range of 107 Hz to 0.1 Hz, requiring a measurement time of approximately 120
seconds per data point. Using the environmental chambers, the temperature during an
experiment was ramped from 20 °C to 80 °C at a rate of 0.25 °C/min, then held at 80°C
for 5 hours. The temperature was then cooled from 80 °C to -20 °C at a 0.25 °C/min
ramp rate. The reported 25 °C conductivities are all from the cooling run, and are the
average of separate experiments of three to four samples created at each IL/polymer or
IL/polymer/cross-linker concentration. The measurements were not taken at exactly 25
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°C, and therefore cubic interpolation using the Origin 8.0 software was used to estimate
the conductivities at this temperature.
To compare the conductivities before and after cross-linking, the conductivity of
the same samples were examined before and after UV exposure. The EIS experiment
was first run on an uncross-linked blend. This blend was then removed from the EIS
instrumentation and cross-linked by the described procedure.

Afterwards, the EIS

experiment was performed again.

4.3 Interactions and Phase Behavior
The IL [BMI][PF6] has been confirmed to have a strong interaction with PEO
homopolymers through a hydrogen bonding interaction (Chapter 2). This interaction also
formed in a PEO-b-PPO-b-PEO triblock copolymer (Chapter 3), and the thermograms
below (Figure 4.4) confirm that the interaction also exists in PPO-b-PEO-b-PPO triblock
copolymers.
As before, this hydrogen bonding interaction prevents crystallization, which as
discussed is a prerequisite for good ion conduction in PEO. For 25R4 and 64R4, a 50
wt% concentration of the IL is sufficient to prevent all crystallization.

For PEO-

Methacrylate and 45R6, there is still some remaining crystallization at this concentration,
but 80 wt% IL suppresses all crystallinity.
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Figure 4.4 – Thermograms of [BMI][PF6] blends with (a) 25R4, (b) PEO-Methacrylate,
(c) 64R4, and (d) 45R6.

Due to the strong, selective interaction of the IL with PEO, addition of the IL to
disordered PEO-b-PPO-b-PEO melts induced microphase separation. This is also true for
the PPO-b-PEO-b-PPO copolymers investigated here.

Figure 4.5 shows the SAXS

profiles for the neat BCPs, obtained at 80 °C to prohibit the formation of PEO crystals
which scatter heavily. Neat 45R6 appears to be weakly microphase separated in the melt.
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Neat 64R4 shows what is most likely a correlation hole scattering peak, and is disordered.
Neat 25R4 does not even show a correlation hole peak, due to its very low molecular

Intensity (a.u.)

weight, and is clearly disordered.

Neat 45R6
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Neat 25R4
0
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Figure 4.5 – SAXS profiles of the neat BCPs, at 80 °C.

Figure 4.6 shows the SAXS profiles of the BCPs when blended with 50 wt% IL,
both before and after cross-linking. Narrow primary scattering peaks and several higher
order peaks are seen for blends with 45R6 and 64R4, showing that strong microphase
separation is induced by the addition of the IL. The 50 wt% in 45R6 blend has a q1 :
31/2q1 : 41/2q1 : 71/2q1 : 91/2q1 ratio of peaks for the 1st through 5th order peaks, where q1 is
the scattering vector of the primary scattering peak. This is characteristic of a cylindrical
morphology. The 41/2 peak is subdued, likely due to a minimum in the structure factor.
The 50 wt% in 64R4 blend has a q1 : 41/2q1 : 2.40q1 ratio of the first to 3rd order peaks.
The 3rd order peak appears distorted; a cylindrical morphology is expected in which case
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2.73q1 is should be observed. Most likely, this is an error arising from the weak intensity
of the 3rd order peak, making it difficult to accurately find the peak maximum.
The SAXS profile for the 50 wt% IL in 25R4 blend shows a single, very broad
peak. Considering that neat 25R4 has no scattering peak, the appearance of a broad peak
likely indicates weak microphase separation of 25R4 by blending with the IL.
Upon cross-linking, the morphology for the high Mn BCPs (45R6 and 64R4) is
mostly unchanged. For 25R4, the scattering peak sharpens noticeably indicating that
microphase separation is strengthened. It is possible that cross-linking increases the
effective degree of polymerization N, therefore increasing the product of N. It has also
been observed in the literature that cross-linking a BCP in the disordered state can
stabilize the ordered state.58

An increase in microphase separation strength is not

observed for the higher molecular weight polymers, perhaps because the effect is too
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Figure 4.6 – SAXS profiles of 50 wt% [BMI][PF6] blended with 25R4, 64R4, and 45R6,
(a) before cross-linking and (b) after cross-linking, at 80 °C.
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The SAXS profiles of the blends with 80 wt% IL are shown in Figure 4.7. Before
cross-linking, blends with 45R6 and 64R4 are strongly microphase separated. The 80
wt% in 45R6 blend has a q1 : 21/2q1 : 31/2q1 : 41/2q1 ratio of scattering peaks, indicating a
BCC spherical morphology. Peaks for the 80 wt% in 64R4 blend have a q1 : 1.6q1 : 1.9q1
: 2.5q1 ratio of peaks. These ratios do not match any pattern for the established BCP
morphologies, although they are close to the pattern expected for a cylindrical
morphology (1 : 1.73 : 2.0 : 2.65). It is possible these peaks represent a distorted
hexagonal arrangement of PPO cylinders.
The SAXS profile for 80 wt% IL blends with 25R4 has only a single very broad
peak, showing that these blends are very weakly microphase separated. Upon crosslinking, the scattering peak sharpens somewhat as it did for 50 wt% in 25R4, indicating
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that microphase separation has again been strengthened by cross-linking.
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Figure 4.7 – SAXS profiles of 80 wt% [BMI][PF6] blended with 25R4, 64R4, and 45R6,
(a) before cross-linking and (b) after cross-linking, at 80 °C.
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For blends with 45R6 and 64R4, after cross-linking the primary scattering peaks
are broadened and the higher order peaks combine. It appears that the cross-linking
reaction distorts the morphology at higher IL concentrations. Polymer degradation by the
UV exposure has been ruled out by GPC experiments on BCPs without cross-linking
end-groups - there is no change in dispersity or decrease in Mn after UV exposure. IL
degradation has similarly been eliminated by NMR before and after UV exposure,
showing no change in the intensity or ppm shifts of the IL peaks.
It is possible that cross-linking causes a small increase in density for the PPO
microdomains, resulting in a volume contraction. At lower IL concentrations, the relative
volume fraction of PPO is larger and thus the PPO blocks are less confined and more able
to accommodate this volume change. At higher IL concentrations, the PPO blocks are
unable to accommodate the volume change, and therefore the shape of the PPO
microdomain becomes distorted, in turn distorting the scattering profile. This distortion
therefore does not indicate a weakening of the microphase separation strength upon
cross-linking.
Figure 4.8 shows the SAXS profiles for blends of 45R6 with 90 wt% IL. When
blended with 25R4 and 64R4 at this concentration, the IL phase separated on a
macroscopic scale, most likely due to the smaller amount of PEO in these BCPs with
which to accommodate the IL. These blends were therefore not investigated further. For
the 90 wt% IL blend with 45R6, there is a sharp primary scattering peak and a broad
second peak. Therefore, even with 90 wt% IL and only 10 wt% of 45R6, there is still
clear microphase separation.
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Figure 4.8 – SAXS profiles of 90 wt% [BMI][PF6] blended with 45R6, at 80 °C.

4.4 Mechanical Properties
DMA was used to measure the dynamic storage modulus of the cross-linked
blends to demonstrate that cross-linking the polymers through their end-groups is
sufficient to impart dimensional stability to these gels.
Prior to cross-linking, the weakly microphase separated 25R4 blends and the
single phase PEO-methacrylate blends were viscous liquids, flowing slowly under
gravity. The strongly microphase blends were quiescent gels, not flowing due to gravity
but deforming irreversibly under slight pressures (strongly microphase separated blends
are near the gel point imparting some mechanical strength59). Upon cross-linking, the
blends form solid gels as demonstrated by Figure 4.9. Here the compressive storage
moduli (G’) are plotted as a function of frequency. The moduli are all largely
independent of frequency; the 90 wt% in 45R6 blend has the largest dependence of G’ ~
0.05, which is not significant. Frequency independence has been well established as the
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primary characteristic of solid-like behavior in polymer gels.60 This clearly indicates that
cross-linking these blends forms solid, elastic gels even at very high IL concentrations.
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Figure 4.9– Compressive storage moduli of cross-linked IL/polymer gels.

There are clear differences in the modulus for each composition. The modulus of
the 90 wt% in 45R6 blend is the lowest as it has the smallest amount of polymer. The
differences in moduli between the remaining samples are more difficult to explain.
Intuitively, it would be expected that gels with higher cross-link density would have the
largest moduli. Therefore, having the lowest Mn and hence greatest cross-link density,
the 80 wt% in 25R4 gel would be expected to have the highest modulus, followed by 80
wt% in PEO-Methacrylate, 80 wt% in 64R4, and 80 wt% in 45R6. However, the exact
opposite trend is observed.
One factor that may explain this are the differences in the phase behavior between
25R4, 64R4, and 45R6. The gels with the high molecular weight 64R4 and 45R6
copolymers are strongly microphase separated whereas gels with the 25R4 copolymer
have very weak microphase separation. The cross-linking end-groups should be in a
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more concentrated area for a well-defined microdomain than for a diffuse microdomain.
Therefore it is easier for end-groups to come into contact in blends with 45R6 and 64R4,
increasing the cross-linking efficiency and leading to a greater modulus.
This does not explain how the 80 wt% in PEO-Methacrylate gel fits into the
observed trend. As the mechanical reinforcement for the BCP gels is through crosslinked microdomains and that for the PEO-Methacrylate gel is through discrete crosslinking junctions, the reinforcement mechanism is different and thus these gels cannot be
easily compared to the BCP gels.

4.5 Ionic Conductivity
The ionic conductivities of the cross-linked gels were measured in order to
demonstrate the potential for these materials to be used as solid polymer electrolytes.
Figure 4.10 shows the conductivity for 45R6/IL blends at several IL concentrations,
before and after cross-linking. The conductivity is lowest with 50 wt% IL, then increases
with increasing IL concentration due to a greater number of charge carriers.

The

conductivity increases rapidly from 50 wt% to 60 wt%, then increases more slowly
before increasing rapidly again to a very high ionic conductivity of approximately 1.2 x
10-3 S/cm at 25 °C with 90 wt% IL. This exceeds the conductivity which is required to
make a practical battery electrolyte.
In addition, the conductivity does not change significantly upon cross-linking
(the error bars for the 70 wt% measurements are quite large and the difference between
cross-linked and uncross-linked is not statistically significant). This demonstrates that
the blends can be solidified without significant loss in conductivity, at least for 45R6.
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Figure 4.10 – Ionic conductivities of 45R6/[BMI][PF6] blends before and after crosslinking at varying IL concentrations.

To determine the effect of microphase separation strength and composition on the
ionic conductivity, EIS measurements were carried out for each polymer/IL blend.
Measurements were again taken both before and cross-linking the blends to ensure that
cross-linking does not result in a loss of conductivity. Figure 4.11 shows the conductivity
for cross-linked polymer/IL blends, all with a 50 wt% IL concentration.
The neat IL has very high ionic conductivity, 5 – 10 times greater than the
polymer gels. The conductivity does not vary considerably which the choice of polymer,
with the exception of 50 wt% in PEO-Methacrylate after it crystallizes near 20 °C. For
ease of comparison, the ionic conductivity of each 50 wt% IL blend at 25 °C (obtained
via cubic interpolation) is summarized in Table 4.3 below.
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Figure 4.11 - Ionic conductivity of cross-linked polymer/[BMI][PF6] blends with 50 wt%
[BMI][PF6], along with neat [BMI][PF6].

For most of the blends, there are small decreases in ionic conductivity upon crosslinking, but these are only just outside the error bars and not very significant. There is a
slight increase in conductivity upon cross-linking for PEO-Methacrylate but this is
entirely within the error bars. There are also some differences between the cross-linked
polymer gels, with 50 wt% IL in 64R4 having the highest conductivity followed by 50
wt% in PEO-Methacrylate, 50 wt% in 45R6, then the lowest conductivity for 50 wt% in
25R4. The 25R4 gel may have the lowest conductivity due to its weak microphase
separation. The 64R4 gel has the highest conductivity as the PEO block is more highly
swollen with IL due to a lower PEO weight fraction, compared to 45R6 and PEOMethacrylate.
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Table 4.3 – Ionic conductivity ( x 10-3 S/cm) at 25 °C of polymer/[BMI][PF6] blends all
with 50 wt% [BMI][PF6], before and after cross-linking.
Polymer

Uncross-linked 

Cross-linked 

[BMI][PF6]

1.49 +/- 0.14

--

50 wt% in PEO-Methacrylate

0.21 +/- 0.05

0.23 +/- 0.01

50 wt% in 25R4

0.24 +/- 0.02

0.14 +/- 0.04

50 wt% in 45R6

0.25 +/- 0.01

0.22 +/- 0.01

50 wt% in 64R4

0.37 +/- 0.01

0.31 +/- 0.01

However, it must be noted these differences are not very large compared to
literature reports concluding that BCP phase behavior does have an effect on
conductivity. In these reports, altering microphase separation strength and morphology
oftentimes resulted in changes in conductivity of several orders of magnitude,51-53 or 4-5
fold in the least.54 Compared to the literature, the differences in conductivity reported
here are quite small.
The ionic conductivity of the blends with 80 wt% IL were also obtained and are
displayed in Figure 4.12. There is again a substantial difference between the conductivity
of neat [BMI][PF6] and the polymer blends, although it is not as large at this higher IL
concentration. And again, the conductivity does not vary considerably which the choice
of polymer. The ionic conductivity of each 80 wt% IL blend at 25 °C (obtained via cubic
interpolation) is summarized in Table 4.4 below.
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Figure 4.12 - Ionic conductivity of cross-linked polymer/[BMI][PF6] blends with 80 wt%
[BMI][PF6], along with neat [BMI][PF6].
For the 80 wt% IL blends, there is no significant difference in ionic conductivity
between the uncross-linked blends and the cross-linked blends.

In addition, the

difference between the cross-linked gels depending upon choice of polymer is barely
significant, only just outside the error bars. It does not appear to make a difference if the
gel is strongly microphase separated (the 64R4 and 45R6 gels), very weakly microphase
separated (25R4 gels), or has only a single phase with no microphase separation (PEOMethacrylate gels).
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Table 4.4 – Ionic conductivity ( x 10-3 S/cm) at 25 °C of polymer/[BMI][PF6] blends all
with 80 wt% [BMI][PF6], before and after cross-linking.
Polymer

Uncross-linked 

Cross-linked 

[BMI][PF6]

1.49 +/- 0.14

--

80 wt% in PEO-Methacrylate

0.69 +/- 0.03

0.64 +/- 0.05

80 wt% in 25R4

0.61 +/- 0.01

0.61 +/- 0.05

80 wt% in 45R6

0.79 +/- 0.06

0.76 +/- 0.09

80 wt% in 64R4

0.76 +/- 0.01

0.83 +/- 0.11

These results are again in stark contrast to much of what has been reported. In the
case of Ruzette et al.,51 the conductivity of a microphase separated PMMA-b-POEM
BCP was compared to a phase mixed PMMA-r-POEM random copolymer, both doped
with LiTf. The conductivity of the microphase separated BCP was on the order of 10 -6
S/cm at 25 °C whereas for the random copolymer the conductivity was approximately
10-8. Simone et al.54 compared PS-b-PEO BCPs blended with [EMI][TFSI]. Due to
variances in PEO composition, one blend had a lamellar morphology, and another a
mixed lamellar/cylindrical morphology. At 25 °C, the conductivity of the lamellar blend
was 0.15 x 10-3 S/cm compared to 0.7 x 10-3 S/cm for mixed lamellar/cylindrical blend.
Lastly, in Weber et al.53 the conductivity of PS-b-poly(ionic liquid) BCPs were
examined. The conductivity of a cylindrical BCP with the ion conducting poly(IL) block
as the minority block was 5.5 x 10-6.5 at 100 °C (which is exceptionally poor), compared
to 10-5 at 100 °C for a lamellar BCP.
In each of these cases, the polymer system showing lower conductivity had phase
behavior which is detrimental to ion conduction. Ruzette et al. had a rigid polymer
(PMMA) mixed with the flexible, ion conducting polymer (POEM), most likely
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decreasing chain mobility and hence conductivity. Weber et al. had the conducting
block in the minority, preventing the formation of a continuous pathway for ion
conduction due to the rigid, ion-blocking PS majority phase. Lastly, in Simone et al. the
BCP had a lamellar morphology, where grain boundaries can act as blockades to ion
transport. Therefore, in these works changing to a morphology which was more suitable
for ion transport had a very large impact.
In the present case, the conducting microphase was the majority phase for each of
the 80 wt% IL blends. Assuming complete partitioning of the IL to the PEO block, at this
IL concentration the PEO/IL block was approximately 85 vol% for 64R4 and 25R4, and
91 vol% for 45R6.

With such high fractions of conducting phase, the strongly

microphase separated 45R6 and 64R4 BCP gels have only slightly greater conductivity
than the PEO-Methacrylate homopolymer gel. Even at lower loadings of IL (50 wt%,
Table 4.3), the differences in conductivity between polymers are still quite small. These
results suggest that if the rigid microphase is in the minority, microphase separation has a
minimal effect.

Given this conclusion, it appears that BCPs have only minimal

advantages for electrolyte applications compared to homopolymers, and considering the
literature can even be quite disadvantageous.
However, the cross-link density for these gels is very low as they are only crosslinked through the end-groups. It is possible that at higher cross-link densities, BCP
microphase separation becomes significant. The next section will examine the effects of
including oligomeric cross-linker additives.
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4.6 – Effect of Phase Selective Cross-linkers
The hypothesis behind using BCPs as electrolytes maintains that mechanical
reinforcement must be restricted to the minority phase, away from the conducting phase.
To further test this hypothesis, the effect of phase selective cross-linkers has been
examined. A PPO oligomer with acrylate end-groups was chosen for a PPO microphase
selective cross-linker. PPO was established to be insoluble in [BMI][PF6] in Chapter 3,
and this oligomer is also insoluble in [BMI][PF6]. A PEO oligomer with acrylate endgroups is also used which should be non-selective for either microphase. If the above
hypothesis is correct, ionic conductivity should not be negatively affected upon crosslinking blends having the PPO cross-linker, as it will only cross-link in the PPO
microphase, away from the PEO/IL conducting microphase. However, blends with the
PEO cross-linker will have additional cross-links formed inside the conducting
microphase, hindering chain mobility and hence decreasing conductivity. The structure
of the two cross-linkers is shown in Scheme 4.3.

Scheme 4.3 – Structure of the (a) PPO-acrylate cross-linker and the (b) PEO-acrylate
cross-linker used in this work.
(a)

(b)

The phase behavior of these blends was investigated to ensure that strong
microphase separation is maintained for 45R6 and 64R4 blends when the cross-linkers
are included, and that the 25R4 gels remain weakly microphase separated. Figure 4.13
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shows the SAXS profiles of blends with 80/20/10 ratios of IL/polymer/cross-linker,
before and after cross-linking. The phase behavior of a 90/10/05 blend with 45R6 is also
shown, before and after cross-linking.
The blends with 25R4 are very weakly microphase separated, having a scattering
peak which is barely distinguishable from the background.

Blends with 64R4 are

strongly microphase separated, with a cylindrical morphology as indicated by the q1 :
41/2q1 : 71/2q1 ratio of peaks. Blends with 45R6 having both PEO-acrylate and PPOacrylate cross-linkers are also strongly microphase separated. With the PEO-acrylate,
there is a clear spherical morphology (q1 : 21/2q1 : 31/2q1 : 41/2). With the PPO-acrylate, the
higher order peaks are subdued, precluding morphology determination.

The SAXS

profiles for the 90/10/05 blend with 45R6 show weak microphase separation. As before,
the morphology appears distorted after cross-linking. For blends with the cross-linker,
the distortion appears worse. The proposed volume contraction is likely greater for
higher cross-link density, leading to greater distortion.
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Figure 4.13 – SAXS profiles of 80/20/10 blends (a) before cross-linking and (b) after
cross-linking, at 80 °C. A ‘w/ PPO’ indicates blends having the PPO-acrylate crosslinker and ‘w/ PEO’ indicates blends with the PEO-acrylate cross-linkers. Profiles for (c)
90/10/05 blends with 45R6 are also shown.

The mechanical properties of the blends with cross-linking oligomers are
compared to the blends without cross-linkers in Figure 4.14. The 80/20/10 blend with
PEO-Methacrylate having the PEO-acrylate cross-linker has the highest modulus, of
about 600 kPa, a 5-fold increase compared to the 80/20 blend with the same polymer, but
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without the cross-linker. The 80/20/10 with 45R6 and the PEO-acrylate has the next
highest modulus, and is increased by approximately 2.5-fold. The increase in modulus
for the 45R6 blend is slightly less if the PPO-acrylate cross-linker is used. Most likely,
this is due to cross-links only being formed in the PPO minority block, maintaining
nearly the same molecular weight between cross-links. Whereas with the PEO-acrylate
cross-linker, cross-links are formed throughout the blend, increasing cross-link density.

1000

Storage Modulus (kPa)

Storage Modulus (kPa)

1000

100

10
0.01

0.1

1

100

10
0.01

10

Frequency (Hz)

0.1

1

10

Frequency (Hz)

Figure 4.14 – Compressive storage moduli for (a) 80/20 blends and for (b) 80/20/10
blends with oligomeric cross-linkers.

The phase behavior of the BCP/IL blends appears to have an effect on the
mechanical properties for blends with cross-linker as well as without cross-linkers.
Without a cross-linker present, the modulus is largest for blends with 45R6 and 64R4 due
to their strong microphase separation when compared to blends with 25R4. However,
with the cross-linker present, the trend changes. Blends with 45R6 still have the largest
modulus, but now the 64R4 blends have the smallest modulus rather than 25R4 blends.
In fact, the modulus does not increase noticeably for 64R4 blends with the inclusion of
the PPO-acrylate cross-linker. The phase behavior also has not changed substantially
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with the addition of cross-linker; 45R6 and 64R4 blends are still strongly microphase
separated and blends with 25R4 are very weakly microphase separated. At this time, the
reason for the absence of any improvement in the modulus for the 64R4 gels with the
addition of cross-linker cannot be determined.
Lastly, the ionic conductivity for blends with cross-linker present is examined,
shown in Figure 4.15. The conductivities are again very close, although it is noticeably
lower for blends having the PEO-acrylate cross-linker. The ionic conductivities at 25 °C,
both before and after cross-linking, have been extrapolated and are summarized in Table
4.5 for ease of comparison.

Conductivity (S/cm)

1.0E-02

1.0E-03

1.0E-04

[BMI][PF6]
in 64R4, w/PPO
in 25R4, w/PPO

1.0E-05

in PEG-Meth, w/PEO
in 45R6, w/PEO
in 45R6, w/PPO

1.0E-06
2.7

2.9

3.1

3.3

3.5

3.7

3.9

4.1

1000/T (K-1)

Figure 4.15 – Ionic conductivity of cross-linked blends with 80/20/10 parts by weight of
IL/polymer/cross-linker.

For blends with the PPO-acrylate cross-linker, there is no significant change in
ionic conductivity upon cross-linking. There are differences in conductivity with choice
of polymer for blends with the PPO-acrylate, but these are not very large, again
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illustrating that microphase separation strength does not have a significant effect on
conductivity.
For blends having the PEO-acrylate cross-linker, conductivity is 40-45% lower
after cross-linking. The cross-linked conductivity is smaller for blends with the PEOacrylate but not with the PPO-acrylate due to the phase selectivity of the PPO-acrylate for
the PPO microphase. Due to this selectivity, the PPO-acrylate only forms cross-links in
the PPO microphase, whereas the PEO-acrylate forms cross-links in the PEO/IL
conducting microphase. These additional cross-links decrease chain mobility, in turn
decreasing ionic conductivity.

Table 4.5 – Ionic conductivity ( x 10-3 S/cm) at 25 °C of blends all with 80/20/10 parts
by weight of IL/polymer/cross-linker, before and after cross-linking. The conductivity of
a 90/10/05 blend with 45R6 is also shown.
Polymer

Uncross-linked 

Cross-linked 

[BMI][PF6]

1.49 +/- 0.14

--

in 25R4, w/ PPO-xlinker

0.61 +/- 0.02

0.59 +/- 0.03

in 64R4, w/ PPO-xlinker

0.69 +/- 0.07

0.77 +/- 0.06

in 45R6, w/ PPO-xlinker

0.68 +/- 0.01

0.64 +/- 0.05

in 45R6, w/ PEO-xlinker

0.60 +/- 0.01

0.35 +/- 0.07

in PEO-Methacrylate,
w/ PEO-xlinker

0.56 +/- 0.03

0.32 +/- 0.07

90-10-05 in 45R6,
w/ PPO xlinker

0.93 +/- 0.01

0.98 +/- 0.01

Also of note is that while the microphase separation strength is very weak for the
cross-linked 80/20/10 in 25R4 blend having the PPO-acrylate cross-linker, this blend still
has greater conductivity than the cross-linked blend of 45R6 having a PEO-acrylate,
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despite its stronger microphase separation. This again emphasizes that BCP microphase
separation strength cannot be used to increase ionic conductivity. Rather, it appears that
the role of a BCP for electrolyte applications is to provide a microphase for mechanical
reinforcing additives to partition to, in the present case these being the PPO-acrylate
cross-linkers. By doing so, a BCP can be used to increase the mechanical strength of a
polymer electrolyte without sacrificing conductivity, thereby providing a means to
circumvent the contradiction between high conductivity and high mechanical strength.

4.7 – Conclusions
Solid polymer electrolytes were fabricated from a PEO homopolymer and PPO-bPEO-b-PPO BCPs blended with the ionic liquid, [BMI][PF6]. These polymers were
modified with methacrylate end-groups in order to be cross-linkable by a UV cure. The
ionic liquid suppresses PEO crystallization, enabling good ion transport through PEO.
Cross-linking the polymer/ionic liquid blends yielded solid elastic gels, with high ionic
conductivity.

BCP microphase separation strength has very little effect on ionic

conductivity when the conducting PEO/IL microphase is in the majority, contrary to
several literature reports which suggest otherwise. In addition, cross-linkers which are
insoluble in the PEO/IL microphase but partition into the PPO microphase can be used to
increase the mechanical strength of the gels without negatively impacting ionic
conductivity. These results suggest that while BCPs cannot be used to increase ionic
conductivity, by partitioning additives which add mechanical strength away from the
conducting microphase, they can be used to increase mechanical strength while
maintaining high ionic conductivity.
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CHAPTER 5
SUMMARY AND FUTURE WORK

5.1 Summaries and Future Work
The aim of this work was to characterize the interactions between ILs and the ioncoordinating polymer PEO and also the phase selectivity of ILs for PEO to design a
polymer electrolyte based on blends of a BCP and an IL.

The BCP microphase

separation strength was varied in order to determine the effect on ionic conductivity. In
addition, microphase selective cross-linkers were incorporated into the blends to confirm
or refute the utility of BCPs for solid electrolyte applications.

5.1.1 - IL/Polymer Solubility
In the second chapter, the interactions between PEO and several room
temperatures ILs were examined. ILs having labile protons on their cations had the
strongest interaction, reflected by the largest melting point depressions and FTIR peak
shifts. This strong interaction was most likely due to the formation of a hydrogen bond
between these labile protons on the IL cations and the ether oxygen of the PEO
homopolymer. PEO ethers had to compete with the IL anions for the hydrogen bonding
protons. It was found that the interaction strength was strongest for ILs having the
weakest hydrogen accepting anions, and the interaction was weaker for ILs with strongly
hydrogen bonding accepting anions.
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Some of the results from this work contrast with the literature. Both Lee et al.1
and Ueki et al.2 report LCST-type solution behavior of PEO in [EMI][BF4], suggesting
hydrogen bond formation, whereas in the present work [BMI][BF4] does not appear to
form a strong interaction with PEO.

This contradiction calls for a more careful

consideration of PEO/IL solubility. Cloud point curve measurements of the LCSTs of
PEO/IL solutions will provide a more quantitative measure of the interaction strength.
Determination of the interaction parameter by melting point depression analysis can be
improved by more accurate measurements of the melting points. A three-component
model of the melting point depression could also be used,3 as it has been suggested that
the anions and cations of ILs should be considered as individual components. 4 However
the use of a 3-component model would require separate determination of the interaction
parameter between PEO and the anion, and the interaction parameter between the cation
and anion.
The anomalously high heats of fusion for PEO/[EMI][EtSO4] blends suggest
another avenue of research. The heats of fusion for mixtures of PEO with this IL at
greater than 50 vol% of the IL are larger than that of neat PEO, suggesting the formation
of a stoichiometric complex between PEO and the IL. Such complexes have been
demonstrated for PEO/Li salt mixtures,5 but have not been observed for ILs. Additional
DSC measurements as well as X-ray diffraction studies and characterization of polarized
optical micrograph textures should be carried out in order to explain the behavior of these
blends.
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5.1.2 - ILs as Selective Solvents
In the third chapter, the IL [BMI][PF6] was blended with PEO-b-PPO-b-PEO
triblock copolymers. The IL had a hydrogen bonding interaction with the PEO block of
these copolymers as well as with PEO homopolymers. However, the IL was completely
immiscible with PPO homopolymers. Therefore, the IL behaved as a selective solvent
for PEO, inducing microphase in PEO-b-PPO-b-PEO BCPs, which are otherwise phase
mixed in the melt.
Further studies involving blends of PEO-b-PPO-b-PEO with strongly selective
ILs should be carried out.

An additional measure of selectivity may be the ODT

temperature of these BCP/IL blends. In addition, when blends having higher Mn PEO-bPPO-b-PEO BCPs are heated above their ODT temperatures, it should be possible to
determine the effective interactive parameter between the PPO and PEO/IL microphases
from the correlation hole scattering.6
It may also be of interest to examine how varying the IL’s selectivity affects the
phase behavior of block copolymers. The selectivity can be varied by increasing the
alkyl chain length. ILs with longer alkyl chains tend to have stronger van der Waal
forces,7 which may enhance miscibility with PPO and thereby decrease selectivity.
Altering the cations and anions may also have an effect.

5.1.3 - Block Copolymers for Solid Electrolytes
Solid polymer electrolytes were constructed from blends of PPO-b-PEO-b-PPO
BCPs modified with methacrylate end-groups and a room temperature ionic liquid,
[BMI][PF6].

Cross-linking these blends through the methacrylate end-groups yields
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solid, highly conductive ion gels. Despite what has been suggested in the literature, BCP
microphase separation has very little effect on conductivity when the ion conducting
microphase is the majority phase, and thus does not present a means to increase
conductivity. However, the use of microphase selective cross-linkers demonstrates that
BCP microphase separation can be used to partition rigidity increasing additives which
away from the conducting microphase, increasing mechanical strength while maintaining
high ionic conductivity.
There are several additional experiments which should be carried out with these
polymer gel electrolytes. First, all the blends studied herein have the conducting PEO/IL
microphase as the majority phase. The block volume fractions and IL concentration of
these blends should be controlled in such a way that the ion conducting microphase is the
minority, in order to have a better determination of how BCP morphology affects ionic
conductivity. Additional mechanical properties, such as puncture strength and elongation
at break, must be quantified as these care very important considerations for a practical
solid electrolyte.
Lithium salt doping is also required. However, the cross-linking reactions did not
yield solid gels if a LiTFSI, LiPF6, or LiClO4 salts were present during the cross-linking.
Through some unknown mechanism, these salts inhibited the cross-linking reaction.
Careful consideration of the initiator concentration and of lithium salt may enable more
efficient cross-linking. If solid gels still cannot be obtained, a different cross-linking
chemistry must be considered. For example, the hydroxyl end-groups of the BCPs can be
converted to thiols by esterification8 and then cross-linked by a thiol-ene reaction,9
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which may prove to be more efficient in the presence of lithium salts. Click chemistry
using azide-terminated polymers10 may also have improved cross-linking.
Once solid BCP/IL gels incorporating lithium salts have been successfully
prepared, thorough electrochemical characterizations must be carried out. Capacity and
cycling performance must be measured. Capacity measurements obtained through cycling
tests will determine how the battery continues to perform after repeatedly charging and
discharging the battery. Conclusions can be made from both the electrolyte as well as the
electrode systems. Cyclic voltammetry is required to ensure all the gel components are
stable at the voltages used in a battery application, and lithium transference numbers must
be determined.
It may also be best to consider a different BCP copolymer entirely. While PPO-bPEO-b-PPO can be made via an inexpensive industrial scale cationic polymerization, the
PPO block has no use other than to provide an end-group for methacrylate cross-linkers
to be anchored.

A triblock copolymer with the endblocks having a cross-linking

functionality in the repeat unit will form far more cross-links than endblocks which only
cross-link at the ends. PB-b-PEO-b-PB triblock copolymers in which the PB blocks are
the 1,2 vinyl addition will likely provide greater mechanical reinforcement than the BCPs
used here.

However, these polymers must be prepared by an air-free anionic

polymerization and must also be carried out at cryogenic temperatures, possibly limiting
their practical usage.

Cross-linking blends with PB-b-PEO-b-PB should still be

examined as it is a well-known and well-characterized polymer, but other cross-linking
BCPs may also be considered.11-13
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5.2 Conclusion
Room temperature ionic liquids with labile protons on the cation are capable of
hydrogen bonding with PEO.

This interaction prevents crystallization of PEO at

sufficient quantities of ionic liquid, which enables ion transport through PEO. Hydrogen
bonding with the ionic liquid [BMI][PF6] is selective for the PEO block Pluronic® block
copolymers. Due to this selectivity, [BMI][PF6] acts as a selective solvent for PEO,
inducing microphase separation in what are otherwise disordered block copolymer melts.
By taking advantage of the strong, selective interaction of [BMI][PF6] for PEO,
elastic, non-crystalline, PPO-PEO-PPO block copolymer gels can be fabricated by crosslinking this polymer while blended with [BMI][PF6].

The microphase segregation

strength of these gels can be varied by altering the total molecular weight. However, the
degree of microphase separation does not have a significant effect on the ionic
conductivity of these gels. While microphase separation of these block copolymers
cannot be used to increase ionic conductivity, it can be used to achieve improved
mechanical strength by selectively partitioning cross-linkers into the PPO microphase.
By sequestration of these additives away from the conducting PEO/ionic liquid
microphase, mechanical strength was increased without greatly sacrificing conductivity.
This finding establishes a means to simultaneously achieve high ionic
conductivity and high mechanical strength in a polymer electrolyte, two quantities which
have historically been difficult to achieve simultaneously. Block copolymer electrolytes
using these blends or blends with similar phase behavior will allow for the fabrication of
lithium batteries which are safer and have greater capacity.
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